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ABSTRACT
As part of the assessment of the potential risk posed by contaminated sediments to the 
environment and human health, the United States Environmental Protection Agency 
(USEPA) is developing a set of sediment quality criteria (SQC) that are based on equilibrium 
partitioning (EqP). While EqP theory has often been used to predict contaminant 
concentrations within a factor of two for a range of sediment types, substantial deviations 
from predicted values have also been documented. The objective of this research was to 
evaluate the influence of PAH source on PAH sediment-pore water partitioning and 
distribution in sediments.
The study site, the Elizabeth River, part of the Chesapeake Bay estuarine system, is 
one of three Regions of Concern identified by the USEPA Chesapeake Bay Program. 
Sediment PAH concentrations, in particular those collected in the vicinity of two former 
wood-treatment facilities, are elevated in comparison to other regions in the Chesapeake Bay 
and around the world. Based on an examination of the contaminant levels in the main stem 
and southern branch of the Elizabeth River using established criteria, the river remains a 
clear hazard to benthic and pelagic species. While the presence of PAHs in the Elizabeth 
River due to the release of creosote from wood-treatment facilities has been well established, 
several other significant sources of PAHs are suspected, such as coal, fuel spills and releases 
from shipping, and overland runoff.
Given the large number of potential sources of PAHs to the sediments of this highly 
industrialized urban estuary, multiple techniques are helpful and often necessary to identify 
specific sources of these contaminants. Employing a combination of principal component 
analysis (PCA) along with identification of source-specific isomer ratios, contributions from 
two former wood-treatment facilities were differentiated. Additionally, a significant coal 
contribution was determined by also incorporating compound-specific carbon isotope ratio 
analysis (CSIA). Use of CSIA also successfully isolated and separated the coal signature 
from a coal gasification signature, which could not be distinguished using only PCA and 
isomer ratios.
Elizabeth River sediments exhibited a wide range in partitioning patterns indicative of 
partitioning dominated by different sedimentary fractions including organic carbon, soot 
carbon, a heterogeneous mixture of sorbents, or dissolved organic carbon. For samples 
located in the vicinity of former wood-treatment facilities, the presence of non-aqueous phase 
liquids appeared to strongly influence PAH partitioning despite relatively high levels of soot 
carbon in the sediments. However, outside of localized areas, soot carbon appears to play a 
dominant role in controlling PAH partitioning, limiting the influence of other factors such as 
dissolved organic carbon.
The observed influence of different source types on partitioning of PAHs provides 
new insight into PAH distribution and behavior in impacted systems. The source 
identification techniques used here can be applied in current and future investigations into 
highly impacted systems in the United States and around the world.
-  IX -
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CHAPTER 1-INTRODUCTION
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As part of the assessment of the potential risk posed by contaminated sediments to the 
environment and human health, the United States Environmental Protection Agency 
(USEPA) is developing a set of sediment quality criteria (SQC) that are based on equilibrium 
partitioning (EqP). The SQC for semi-volatile organic contaminants are based on the 
observation that toxicological concentration-response curves correlate to chemical 
concentrations in sediment normalized to organic carbon content (DiToro et al., 1991). This 
approach assumes that equilibrium partitioning of organic contaminants between sediments, 
porewater, and biota exists and is governed by the amount of sediment organic carbon and 
organism lipid content (DiToro et al., 1991). It has been postulated that concentrations of 
contaminants in associated pore waters, and the bioavailability of those contaminants, can be 
estimated from sediment organic contaminant and organic carbon concentrations using EqP 
theory, regardless of the route of exposure of the organisms to the contaminants. Hence, 
EqP theory may be ideal for the development of SQC that are non-site specific (DiToro et al., 
1991).
While EqP theory has often been used to predict contaminant concentrations within a 
factor of two for a range of sediment types, substantial deviations from predicted values have 
also been documented (McGroddy et al., 1996; Paine et al., 1996; Mitra et al., 1999). In some 
cases, the concentrations of polycyclic aromatic hydrocarbons (PAHs) in sediment have been 
orders of magnitude higher than predicted or, conversely, the associated pore water 
concentrations are much lower than expected based on EqP theory. Biological effects 
associated with PAH contaminated sediments were not observed in various cases where 
levels of PAHs in sediments would indicate that adverse biological effects should be
- 2 -
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observed (Knutzen, 1995; Chapman et a l, 1996; Paine et al., 1996; Driscoll et al., 1998). 
Application of the SQC based on EqP theory may, therefore, overestimate the true risk of 
contaminated sediments, resulting in costly and unnecessary remediation activities. If 
organic contaminants do not behave as predicted based on EqP, their distribution in estuarine 
and coastal sediments will not be predictable based on the distribution of organic matter in 
the system, potentially leading to ineffective remediation efforts.
Observed deviations from predicted EqP behavior for organic contaminants are most 
notable for PAHs. PAHs are ubiquitous environmental pollutants that often are carcinogenic 
and/or mutagenic (Menzie et al., 1992; Huggett et al., 1992; Denissenko et al., 1996), and are 
on the Agency for Toxic Substances and Disease Registry and USEPA Top 20 Hazardous 
Substances list (ATSDR, 1999). Recent investigations have determined an increase, or lack 
of decrease, in PAH flux to the environment despite previous projections of a decrease 
expected due to the transition from coal to cleaner fuels (van Metre et al., 2000; Schneider et 
al., 2001; Lima et al., 2003). PAHs enter the environment through a variety of human 
activities including the combustion of fossil fuels, industrial processes such as coke 
production and smelting, biomass burning, waste incineration, and creosote and oil spills. In 
many cases, PAHs may be incorporated into coal, coke, or soot particles from point sources 
or fossil fuel combustion sources and may be kinetically or sterically limited from 
disassociating with sediment (McGroddy et al., 1996; McGroddy and Farrington, 1995; 
Gustaffson et al., 1997). Such PAHs may not be bioavailable regardless of the route of 
exposure of contaminants to the organisms. In cases where lower than expected biological 
effects based on sediment PAH concentrations were observed, association of much of the 
PAH with coal or soot residues was cited as a likely cause of reduced bio availability of PAHs
- 3  -
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(Knutzen, 1995; Chapman et al., 1996; Paine et al., 1996). Likewise, investigators have 
observed reduced bioavailability for PAHs of pyrolytic origin, whereas petrogenically 
formed PAHs demonstrated greater bioaccumulation in mussels (Farrington et al., 1983; 
Baumard et al., 1998). hi a study of sediments in several South Carolina estuaries, PAH 
distribution in sediment was not controlled by sediment type or characteristics such as total 
organic carbon or percent fine-grained sediment as would be expected based on EqP theory. 
Instead, PAH distributions in sediments were largely influenced by proximity to PAH 
sources, which ranged from agricultural to industrial (Kucklick et al., 1997). These results 
suggest that source-specific models are necessary to accurately predict PAH distribution in 
sediments, as well as sediment-pore water partitioning and hence, bioavailability, to aid in 
risk assessment and site remediation.
The objective of my proposed research was to evaluate the influence of PAH source 
on PAH sediment-pore water partitioning and distribution in sediments. I focused on 
identifying specific sediment properties that may influence the distribution and partitioning 
of PAHs from different sources in sediments. The ultimate goal o f this research was to 
develop a model of PAH partitioning and distribution in sediments of complex, multi-source 
systems where traditional models of partitioning behavior do not apply.
Hypotheses And Objectives
The proposed work was based on two general hypotheses. The first is that classic, 
EqP models for characterizing PAH distribution and partitioning in sediments are not 
accurate in highly contaminated systems such as the Elizabeth River, VA, which is 
characterized by multiple point and nonpoint sources of PAHs. The second general
- 4 -
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hypothesis is that much of the variability in PAH behavior is explained by different PAH 
sources and particle associations (e.g. coal particles vs. oil coated particles vs. classical 
organic matter partitioning). Specifically, the following hypotheses were examined:
HI: Sediment PAH concentrations in complex environmental systems characterized 
by multiple point and non-point sources are not correlated with particulate organic 
carbon concentrations.
Hla: Within complex systems, sediment concentrations are positively 
correlated with particulate organic carbon in localized areas affected by a 
single liquid source (creosote or petroleum) o f PAHs that have a high 
tendency towards rapid mixing and association with organic matter.
Hlb: Sediment PAH concentrations are not correlated with particulate 
organic carbon in localized areas dominated by coal or soot sources o f PAHs. 
H2: Sediment-pore water partition coefficients fo r  PAHs in complex systems 
characterized by multiple point and non-point sources do not increase uniformly with 
PAH octanol-waterpartition coefficients.
H2a: Sediment-pore water partition coefficients fo r  PAHs increase uniformly 
with PAH octanol-water partition coefficients in localized areas affected by a 
single liquid source o f PAHs that have a high tendency towards rapid mixing 
and association with organic matter.
H2b: Sediment-pore water partition coefficients fo r  PAHs do not increase 
uniformly with PAH octanol-water partition coefficients in localized areas, 
dominated by coal or soot sources o f PAHs.
- 5 -
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Approach
The premise of the proposed work was that PAHs from different sources would 
possess different affinities for, or associations with, particles that hinder equilibrium 
distribution of PAHs in sediments. Therefore, PAH partitioning behavior and sediment 
distribution patterns will not be adequately predicted by the classic EqP theory. This study 
was designed to elucidate causes for deviations from expected partitioning behavior for 
PAHs in complex, multi-source systems where the proposed deviations are most likely to 
occur. Specifically, I examined multiple aspects of PAH distribution in surface sediments 
from the heavily impacted Elizabeth River, VA.
Chapter 1 describes the current state of the study site, the Elizabeth River, a sub­
estuary of the Chesapeake Bay, which presented an ideal, although complex, system in which 
to examine the behavior of PAHs derived from multiple suspected sources (Merrill and 
Wade, 1985). Sediment PAH concentrations were examined relative to established sediment 
quality guidelines (NOAA, 1999), to other highly contaminated areas within the Chesapeake 
Bay system, and to historical data from previous investigations of the system. Based on a 
examination of the contaminant levels in sediments of the Elizabeth River using NOAA- 
based criteria, the southern branch of the river remains a clear hazard to benthic and pelagic 
species. While the presence of PAHs in the Elizabeth River due to the release of creosote 
from wood treating facilities has been well established, (Lu, 1982; Merrill and Wade, 1985; 
Bieri et al., 1986), several other significant sources of PAHs are suspected, such as coal, fuel 
spills and releases from shipping, and overland runoff. An investigation conducted in 1985 
also revealed that petroleum products in the surface sediment originated from multiple
- 6 -
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sources (Merrill and Wade, 1985). However, areas adjacent to coal sources or fuel 
processing areas, which may be additional sources, were not included in previous studies of 
the Elizabeth River.
Chapters 2 and 3 present results from a study of PAH sources in the Elizabeth River. 
Given the potentially diverse nature of sources of PAHs in this highly industrialized urban 
estuary, multiple techniques were employed to identify source-specific signatures and 
determine contributions of specific sources to sediment PAH contamination. Using samples 
obtained from two former wood-treatment facilities, as well as general channel and shoal 
samples from the main stem and southern branch, I describe source identification techniques 
involving PAH isomer (ie., Dickhut et al., 2000) and molecular weight ratios (Chapter 2). By 
examining these ratios, discrete source signatures from the two former wood-treatment 
facilities were calculated. The results of these techniques combined with source data from 
the literature provided an initial assessment of potential PAH sources to sediment PAH 
contamination. In Chapter 3 ,1 expand upon the source identification by incorporating 
additional potential source areas specific to the Elizabeth River. Employing a combination of 
principal component analysis (PCA) along with identification of source-specific isomer 
ratios, contributions from two former wood-treatment facilities were differentiated. 
Additionally, a significant coal contribution was determined by also incorporating 
compound-specific carbon isotope ratio analysis (CSIA). Using CSIA, I successfully 
isolated and separated the coal signature from a coal gasification signature, which could not 
be distinguished using only PCA and isomer ratios. The major contributors to sediment 
contamination in the river, which included a former wood-treatment facility and historical
- 7 -
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and/or current coal transport and use, a source not considered in previous investigations, 
were successfully identified.
In Chapter 4 ,1 examine partitioning behavior of PAHs between surface sediments 
and porewaters in the Elizabeth River. Observed organic carbon-normalized partition 
coefficients (log KoC) demonstrated a large range (over four orders of magnitude). Trends in 
the log Kqc distribution for these samples relative to log KoW, where K<>w is the octanol-water 
partition coefficient, were highly variable, with the majority exhibiting no discernible trend, a 
second group with significant linear regressions for the entire suite of PAHs, and a third 
group exhibiting a linear regression for low- to mid-molecular weight compounds. Partition 
coefficients were examined relative to established models, and included assessment of the 
influence of organic carbon, soot carbon (Gustafsson et al., 1997; Accardi-Dey and 
Gschwend, 2003), and dissolved organic carbon (Mitra and Dickhut, 1999).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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CHAPTER 2-PAHS IN A HIGHLY INDUSTRIALIZED URBAN ESTUARY:
INVENTORIES AND TRENDS
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Abstract
The abundance and composition of polycyclic aromatic hydrocarbons (PAHs) in 
sediments of the main stem and southern branch of the Elizabeth River, VA, a highly 
industrialized urban estuary located in the Chesapeake Bay watershed, were examined 
relative to historical and toxic effects levels. Total PAH concentrations in Elizabeth 
River sediments exceeded those observed in Baltimore Harbor, MD and the Anacostia 
River, DC, two other regions of concern in the Chesapeake Bay. EPAH concentrations 
from samples collected in the vicinity of two former wood-treatment facilities in the 
Elizabeth River had the highest maximum EPAH when compared to coastal and estuarine 
systems around the world. Using a linearized diffusion model equation, up to 69% of the 
variability in channel sediment EPAH distribution could be ascribed to inputs associated 
with former wood treatment facilities located along the southern branch of the Elizabeth 
River. Comparison of PAH levels measured in channel samples to data collected in the 
early 1980s demonstrated a general reduction in contaminant concentrations for most 
regions of the Elizabeth River channel; however, steady state and increased sediment 
PAH concentrations in the vicinity of the former wood-treatment facilities were observed. 
Examining particles properties (% organic carbon, % clay) did not produce useful 
predictive relationships with EPAH or individual PAHs. Based on an examination of the 
contaminant levels in sediments of the Elizabeth River using established sediment quality 
criteria, the southern branch of the river remains a clear hazard to benthic and pelagic 
organisms.
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Introduction
The Elizabeth River, part of the Chesapeake Bay estuarine system, is one of three 
Regions of Concern identified by the United States Environmental Protection Agency’s 
(USEPA) Chesapeake Bay Program (http://www.chesapeakebay.net/bayfaq.htm). The 
Elizabeth River is a sub-estuary of the James River, which is the southernmost tributary 
of the Chesapeake Bay. Initially a drowned-river, marsh-lined estuary (Nichols and 
Howard-Strobel, 1991), significant alterations of the subestuary began in the mid-1700s 
with the construction of shipbuilding and repair facilities. Large-scale development of 
the area began in the 1880s with the onset of coal storage and transport. Subsequently, 
the main stem and southern branch of the Elizabeth River have been used for naval 
shipyards, coal storage and transport, petroleum distribution and shipment, and wood- 
treatment (Huggett et al, 1987; NOAA, 1986). A minimum of three, potentially up to 
five, wood-treatment facilities were present on the southern branch of the Elizabeth River 
(Lu, 1982; Huggett et al, 1987; Merrill and Wade, 1985). The three known wood- 
treatment facilities began operation in the early 1900s and continued until the last was 
shut down in 1981. While industrial wastewater dumping from these facilities was 
banned in 1968, these sites may represent continuing sources of contaminants due to 
leaking of creosote from land-based dumpsites, storage facilities, or general spills 
(Merrill and Wade, 1985). In addition to military and industrial facilities, the Elizabeth 
River as a whole is surrounded by the cities of Norfolk, Chesapeake, and Portsmouth, 
Virginia, urban areas with associated commercial and residential development.
Due to the extensive shoreline development of the Elizabeth River, its 
hydrodynamic response is different from that of a naturally-configured river basin. This
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development has multiple impacts, including increasing the residence time of 
contaminants through the lengthening of the river via construction of the Craney Island 
dredge spoil disposal area (Neilson and Sturm, 1978). Development and alteration of the 
shoreline also reduced the tidal flow from the James River (Nichols and Howard-Strobel, 
1986) and restricted the ebb flow from the Elizabeth River such that it hugs the Norfolk 
shoreline and largely returns to the Elizabeth River on the following flood tide (Fang et 
al., 1975; Neilson, 1975). Freshwater input from the Dismal Swamp, the only freshwater 
source, is also restricted due to a series of locks and a spillway located at Deep Creek 
(Neilson, 1975). Deepening of shipping channels in the main stem and the southern 
branch have increased the frequency and degree of dredging of these areas such that, 
between 1956 and 1982, approximately 1.0-1.5 million m3/yr of sediment were removed 
from the river (Nichols and Howard-Strobel, 1986). Despite this high rate of dredging, 
point and non-point source contamination of Elizabeth River sediments remains 
prevalent.
The degree and type of industrialization on the Elizabeth River has led to not only 
elevated levels of contaminants but also a variety of contaminants and sources. Four 
Superfund National Priorities List (NPL) sites are currently active immediately adjacent 
to or in close proximity to the Elizabeth River, while up to five non-NPL Superfund sites 
may also exist in the vicinity of the Elizabeth River, with varying states of contamination 
and remediation ('http://www.epa. gov/sunerfund/sites/cursites/ vacerlst.htm). Multiple 
potential sources of PAHs exist on the Elizabeth River in the form of coal and petroleum 
storage and transport facilities, wood-treatment areas, and shipbuilding and repair 
activities.
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Although the Elizabeth River has been the subject of public scrutiny in recent 
years, intensive scientific investigation has been intermittent. Previous investigations of 
the Elizabeth River have focused mainly on the general trends in sediment PAH 
concentrations, often coupled with associated toxicological impact to benthic and pelagic 
species (Huggett et al, 1992; Huggett et al., 1987; Bieri et al., 1986; Lu, 1982). Merrill 
and Wade (1986) attempted to fingerprint contaminated sediments using suspected PAH 
and n-alkane source signatures. They concluded that historical creosote releases and 
weathered petroleum products dominated the sediment contamination. More recently, 
Walker and Dickhut (2001) examined PAH isomer distributions in sediments from the 
main stem and southern branch of the Elizabeth River relative to two suspected source 
areas, specifically, two former wood treatment facilities located in the southern branch.
In addition to these sources, coal and/or a former coal gasification plant was found to be a 
primary source of PAHs to the main stem of the river. The goal of this investigation was 
to assess the current state of the Elizabeth River subestuary, specifically with regards to 
levels of polycyclic aromatic hydrocarbons (PAHs) in sediments.
Methods
Sample collection
Fifty-one surface sediment samples were collected from the main stem and 
southern branch of the Elizabeth River during June 9-11,1998 (Fig. 1). These samples 
were collected adjacent to Craney Island and along the main stem into the southern 
branch with the total extent of the sample area extending approximately 22 km from the 
mouth of the Elizabeth River. Twenty-nine samples were collected within the active
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dredge channel and 21 samples were collected from both the east and west shoal areas.
In July 1999, an additional 62 shoal samples were collected in the southern branch (Fig. 
2). Eight of these samples completed the geographic coverage of the 1998 shoal samples 
(Fig. 1). The remaining samples targeted suspected or potential source areas in the 
southern branch.
All sediment samples were collected using a Smith-Maclntyre surface grab 
sampler. The top 2 cm of sediment were removed using a solvent rinsed metal spatula 
and placed in pre-cleaned, ashed (4 hrs @ 400°C) glass jars with ashed aluminum-lined 
lids for transport and storage. In four shoal locations, a separate sediment sample of the 
2-4 cm sediment layer was collected in addition to the surface sediment. Within 24 hours 
of collection, the samples were centrifuged at 1500 revolutions per minute (RPM) for 25 
minutes to remove sediment porewater. The remaining sediment was stored in a cold 
room at 4°C until analysis.
Sample extraction
Sediment samples were homogenized and sub-sampled for subsequent analyses 
(i.e., grain size, water content, and PAH analysis). Approximately 10 g of sediment was 
transferred to an aluminum weighing pan to measure % moisture. The sub-sample was 
weighed and allowed to dry at 60°C for a minimum of 48 hours. The samples were then 
allowed to cool briefly and reweighed to ± 0.1 mg.
Approximately 7-12 g of sediment were used for PAH analysis. The samples 
collected in 1998 were extracted in the following manner. A sub-sample was placed in 
an ashed, solvent-rinsed 8 ounce Qorpack™ jar and weighed. Thirty milliliters (ml) of a
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1:1 acetone:dichloromethane (DCM) solvent mixture was added to each sample, in 
addition to a surrogate standard mixture containing deuterated PAHs (djo-anthracene, du- 
benz[a]anthracene, di2-benzo[a]pyrene, and c/i2-benzo[g,h,I]perylene). A sample weight 
equivalent of pre-cleaned and dry Na2S0 4  was also added to each jar and sediments were 
then extracted 3 times with the acetone:DCM solvent mixture (1 X 30 ml and 2 X 20 ml) 
for 45 min in an ultrasonic bath. After each extraction, the sample was centrifuged at 
1200 RPM for 20 min. The extract was then transferred to another flask for sample 
reduction and solvent exchange into hexane.
The samples collected in 1999 were extracted using pressurized fluid extraction 
(denoted here as ASE) (Dionex ASE 200 Accelerated Solvent Extractor). A 7-8 g sub­
sample, along with surrogate standard mixture, was mixed with a sufficient amount of 
Hydromatrix™ to facilitate water removal and adequate wetting of the sediment surface 
with organic solvents. The sample was then subjected to high temperature (100°C), high 
pressure (2000 psi) extraction with 1:1 DCM:acetone. The resulting organic phase was 
pipetted off and the aqueous phase produced during sediment extraction was back- 
extracted three times with an equivalent volume of hexane. The hexane extract was then 
added to the organic phase for analysis of PAHs.
Both the ultrasonic bath-extracted and ASE-extracted samples were 
rotoevaporated and solvent-exchanged with hexane. The hexane extracts were then 
subjected to solid-liquid chromatography on pre-cleaned, anhydrous Na2SC>4, acid and 
solvent-rinsed elemental copper, and pre-cleaned silica gel (100-200 mesh; 36 cm x 1.5 
cm column) using hexane and DCM to remove organic polymers, elemental sulfur, and 
aliphatic and polar compounds (Dickhut and Gustafson, 1995). The PAH fraction (4:1
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hexane:DCM) that eluted from the silica column was again rotoevaporated and solvent- 
exchanged with hexane, and an internal standard containing deuterated PAHs (d\Q- 
phenanthrene, t/n-chrysene, and rfo-perylene) was added to each extract. The samples 
were further concentrated under a purified N2 stream prior to analysis.
Instrumental analysis
PAHs were identified and quantified using a gas chromatograph (Hewlett Packard 
5890) and a mass selective detector (Hewlett Packard 5971A) operated in selective ion 
monitoring (SIM) mode. The capillary column used was 30 m length, 0.25 mm inner 
diameter DB-XLB (J&W Scientific), with a 0.25 pm stationary phase film thickness . 
Helium was used as the carrier gas at a flow rate of 2 ml min'1 and a head pressure of 17 
kPa. The temperature program was 100-150° at 25 °C min'1; 150-260° at 6 °C min'1, and 
260-290° at 1 °C min'1. The initial oven temperature was 100 °C while the injector 
temperature was 300 °C. One microliter of sample was injected in a splitless injection. 
Each PAH was identified relative to known reference standards (Supelco Mixture 610 
and Supelco individual compounds).
Quality Assurance
The sonication extraction and ASE methods were evaluated using two replicate 
samples of National Institute for Standards and Testing (NIST) Standard Reference 
Material (SRM) 1944-New York-New Jersey Waterway Sediment. PAH concentrations 
for SRM 1944 measured using the sonication extraction method were significantly lower 
as a whole than the reported SRM 1944 values (paired t-test, 95% confidence interval).
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Percent differences ranged from 3.6% (benzo(b)fluoranthene) to -54% (anthracene), and 
averaged -25% (Table 1). However, to prevent artificial elevation of the reported PAH 
concentrations, the measured values have not been corrected for method extraction 
efficiency. As a result, the data presented here are considered conservative. In contrast, 
PAH levels associated with SRM 1944 determined using the ASE method were not 
significantly different from the certified SRM 1944 values (paired t-test, 95% confidence 
interval), ranging from -34% to 30% and averaging -12% (Table 1). As with the sonic 
extracted samples, PAH values determined with the ASE method were not corrected for 
extraction efficiency.
Twenty-five individual PAHs were detected in each of the sediment samples. 
Recoveries of the PAH surrogate standards averaged 86.0 ± 8.8%, 106± 16%, and 89.2 + 
12%, for ^io-anthracene, r/i2-benz(a)anthracene, and J i2-benzo(a)pyrene, respectively. 
However, due to the extremely high concentrations present in many of the sediment 
samples (up to 2500 pg/g dry weight), an independent evaluation was conducted to 
determine if  the surrogate standard could accurately quantify compound concentrations 
exceeding standard concentrations by up to two orders of magnitude. This evaluation and 
subsequent data correction is explained in detail elsewhere (Walker and Dickhut, 2001), 
but is briefly described here. By using constant surrogate concentrations and step-wise 
increasing PAH concentrations up to two orders of magnitude higher than the surrogate, 
it was determined that calculated PAH concentrations were accurate (±12% of actual) 
when PAH concentrations were <10X surrogate concentrations. However, calculated 
concentrations exceeded actual (22-37%) when PAH concentrations exceeded surrogate 
compound concentrations by >10-100X. Thus, correction factors were applied to 67 of
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the 112 sediment samples in which PAH concentrations exceeded surrogate 
concentrations by 10 to 845X. In all cases, levels of individual PAHs were calculated 
relative to PAH surrogate abundances, and are therefore automatically corrected for 
recovery.
Particulate organic carbon and nitrogen
Particulate organic carbon and nitrogen were quantified using a CHNS-0 
elemental analyzer (Fison, EA 1108). Analyses were conducted on the dried sediment 
sub-sample used to determine water content, which was homogenized using a mortar and 
pestle. Approximately 20-40 mg of homogenized sample was placed into an ashed silver 
cup and weighed. Each sample was acidified with 1-4 drops of 10% HC1 and allowed to 
dry overnight in a 60 °C oven to remove inorganic carbon. The samples were then placed 
in the analyzer and flash heated to 1050 °C to convert the organic matter into CO2, NOx, 
and H2O. Organic carbon (OC) and particulate nitrogen are reported on a percent basis.
Bulk Sl3C analysis 
1 ^Bulk 8 C (organic carbon) values were quantified using a Hydra 20-20 stable 
isotope analyzer (PDZ Europa) at the University of California, Davis Stable Isotope 
Facility. A sub-sample of the dried sediment used for water content analysis was 
acidified with 10% HC1, completely dried on a hot plate and thoroughly homogenized. 
Approximately 20-111 mg of sediment were weighed into ashed tin cups, based on the 
previously determined organic carbon content of the sample. Replicates of every 10th
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sample were used to evaluate the precision of the analysis (average standard error = 0.04 
%c).
Grain size
A 20-30 g sub-sample of wet sediment was weighed into a 50 ml pyrex beaker. 
Approximately 10-20 ml of surfactant was added to each sample to promote separation of 
physical aggregates. The sand fraction was determined by sieving the sub-sample 
through a 63 pm sieve into a 1000 ml graduated cylinder and transferring the fraction 
remaining in the sieve to a pre-weighed aluminum weighing boat. The liquid volume in 
the graduated cylinder was brought up to 1000 ml with DI water. The silt and clay size 
fractions were determined by stirring the suspension in the graduated cylinder, then 
removing 20 ml sub-samples at 20 seconds and two hours, respectively, and placing the 
sub-samples into pre-weighed aluminum weighing boats. The sand, silt, and clay 
fractions were then calculated using the dried weights of each fraction, corrected for the 
contribution of the surfactant.
Results and Discussion
Summary o f PAH concentrations
Twenty-five individual PAHs were analyzed in each sediment sample. Total PAH
con cen tration s (E P A H ) w ere ca lcu la ted  as the su m  o f  all qu an tifiab le  P A H s
(Efluorene+l-methylflourene+phenanthrene+anthracene+2-methylphenanthrene+2-
methylanthracene+1 -methylanthracene+1 -methylphenanthrene+ fluoranthene+
pyrene+benz[a]anthracene (B[a]A) -t-chrysene +benzo[b]fluoranthene (B[b]F)
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+benzo[k]fluoranthene (B[k]F) + benzo[e]pyrene (B[e]P) + benzo[a]pyrene (B[a]P) 
+perylene+ indeno[123,cd]pyrene (IP) + benzo[ghi]peryelene (B[ghi]P)) expressed in 
micrograms per gram sediment (pg/g) on a dry weight basis. Large spatial variation in 
PAH concentrations was observed throughout the sampling area both within the channel 
and shoal regions, as well as between these two areas. Total PAH concentrations of 
surface sediments ranged from 0.035 to 1730 pg/gdry; the maximum sub-surface (2-4 cm) 
sediment concentration exceeded 2500 pg/gdry- Within the Elizabeth River channel,
EP AH concentrations ranged from 0.953 to 57.3 pg/gdry; channel samples collected in the 
main stem region did not exceed 6 pg/gdry SPAH in shoal samples ranged from 0.035 to 
1730 pg/gdry The highest concentrations were observed in samples collected in the shoal 
areas adjacent to former wood-treatment facilities, Atlantic Woods (maximum EPAH 740 
p g / g d r y )  and Eppinger & Russell (maximum EPAH 1730 p g / g d r y ) ,  both located adjacent to 
the southern branch of the Elizabeth River. Non-aqueous phase liquids (NAPLs) were 
observed during the collection of samples from these two areas, identified by visible oil 
sheen on the sediment. In contrast, the highest sediment PAH concentration in the main 
stem was located at E01 (Figure 1, 51.5 pg/gdry), in the shoal area adjacent to the 
suspected location of a former coal gasification plant. As with the shoal areas, the 
highest PAH levels in channel sediments were located in the southern branch, specifically 
immediately downriver of the former Eppinger & Russell wood-treatment facility (57.3 
Pg/gdry)-
Sediment PAH concentrations in the shoal regions of the Elizabeth River,
excluding designated source-specific shoal samples, exceed those of the York River and
lower Chesapeake Bay, two non-industrial areas, by over two orders of magnitude, while
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the average channel SPAH concentration in the Elizabeth River exceeds York River and 
lower Chesapeake Bay values (Arzayus, 2002) by over an order of magnitude (Figure 3). 
The average SPAH concentration in shoal regions of the Elizabeth River exceeds the 
average total for both Baltimore Harbor and the Anacostia River (Ashley and Baker, 
1999; Wade et al., 1994), the two other Regions of Concern in the Chesapeake Bay 
system ('http://www.chesapeakebay.net/bayfaq.htm) by over a factor of 4. However, the 
average channel SP.AH concentration in the Elizabeth River is not significantly different 
(p>0.05) from the average values for both Baltimore Harbor and the Anacostia River. 
Samples collected in the vicinity of two former wood-treatment facilities in the southern 
branch of the Elizabeth River exhibited elevated average SPAH concentrations when 
compared to the SPAH from the non-source specific shoal samples in the Elizabeth River 
and to the two other Regions of Concern in Chesapeake Bay. SPAH concentrations in 
the source specific sediment samples exceeded those in the remaining shoal samples by a 
factor of 4 and exceeding SPAH values in the Baltimore Harbor and the Anacostia River 
by over an order of magnitude.
Sediment PAH concentrations were also examined relative to representative 
coastal and estuarine systems in the United States and around the world (Figure 4). 
Maximum Elizabeth River SPAH concentrations in non-source specific shoal regions are 
comparable to those observed in Tokyo Bay, Sydney Harbor, and Boston Harbor, while 
the maximum SPAH concentrations observed in the vicinity of the two former wood- 
treatment facilities exceeded maximum values observed elsewhere around the world. 
While this list of impacted coastal and estuarine systems is not exhaustive, it is evident
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that sediments in the Elizabeth River as a whole and particularly in the vicinity of the two 
former wood-treatment facilities are highly impacted.
In addition to higher overall PAH concentrations in Elizabeth River sediments, 
consistently and significantly (p<0.05) higher percentages of carcinogenic PAHs (B[b]F, 
and B[a]P -  Collins et al., 1998) were observed compared with either the York River or 
the lower Chesapeake Bay (Figure 5). Conversely, the percentage of perylene, a PAH 
associated predominantly with natural or diagenetic formation (Venkatesan, 1988), was 
5-6 times lower in the Elizabeth River compared with the more pristine areas, indicating 
that the anthropogenic input of PAHs to the Elizabeth River dominates PAH influx to the 
system.
Contaminant transport
Bieri et al. (1986) reported a decreasing logarithmic EPAH concentration gradient 
along the channel from the former wood-treatment facility Eppinger & Russell to Craney 
Island at the mouth of the Elizabeth River. Bieri et al. (1986) speculated that diffusion- 
advection was controlling the distribution of PAH contaminated sediments throughout the 
Elizabeth River, thus implicating large spills from the former wood-treatment facilities of 
the southern branch in contamination of the main stem of the estuary. However, the 
sample locations from the 1986 investigation did not extend beyond the area of a second 
suspected former wood-treatment area (Eppinger & Russell-site of historical large 
releases (Lu, 1982)). To evaluate the current pattern of distribution in channel sediments, 
the channel EPAH data were plotted as a function of distance (river kilometer (km) from 
mouth) (Figure 6a). This plot depicts a diffusional profile for PAHs away from a source
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in the southern branch centered around 17.8 km from the mouth of the river. Diffusion of 
a substance away from a plane source can be modeled using the following equation 
(Crank, 1967):
where C = concentration, M = mass deposited at the source at time t = 0, x is the distance 
from the source, and D is the diffusion coefficient for the substance. When the channel 
EPAH data are plotted using a linearized form of the above equation with the PAH source 
centered at 17.83 km, a significant regression is observed, which explains 69% of the 
variability in the data (Figure 6b). The sample at 17.8 km (E23) was collected in a region 
between two former wood-treatment facilities with known or suspected historical releases 
of creosote (Lu, 1982; Merrill and Wade, 1985). Thus, the creosote source(s) in this 
region of the Elizabeth River is likely an important contributor to PAH contamination in 
the estuary. However, the variability in the data indicates that this is not the only PAH 
source to Elizabeth River sediments.
Closer examination of the diffusional profile of individual PAHs in Elizabeth 
River channel samples reveals equivalent trends for 2-methylanthracene and parent PAHs 
except perylene (Figure 6c). Perylene, 1-methylfluorene, 2-methylphenanthrene, 1- 
methylanthracene, and 1-methylphenanthrene all had significantly lower slopes (p<0.05) 
and r2 values than the remaining PAH. Based on equation 2, lower slopes (l/4Dt) would 
indicate higher diffusion coefficients, which is unlikely for perylene given that diffusion 
coefficients typically decrease with increasing molecular weight within a class of
(Eq. 1)
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compounds (Schwarzenbach et al., 1993). More likely, the lower slopes and low values 
for r for the methyl-PAHs and perylene in Figure 6c indicate additional sources for these 
compounds to Elizabeth River sediments. The presence of secondary sources of PAHs to 
sediments in the southern branch is consistent with source apportionment modeling using 
isomer ratios (Walker and Dickhut, 2001).
PAH-particle property relationships
PAH concentrations are often closely correlated with the organic carbon content 
and clay content of sediment (Boehm and Farrington, 1984; Karickhoff et al, 1979). This 
correlation is thought to be due to the hydrophobic nature of the compounds and their 
affinity for organic matter (Karickhoff, 1984; Schwarzenbach et al, 1993). The general 
survey samples were examined to determine any relationships between EPAH and 
geochemical parameters given that these samples cover a greater geographical range of 
the Elizabeth River and are not focused on target PAH source areas. However, when 
EPAH and individual PAH from the survey samples were examined relative to sediment 
organic carbon (OC) content, no useful correlation was found (highest r =0.30), unlike 
that reported previously for phenanthrene, anthracene and 4-and 5-ring PAHs (r2=0.86, 
Boehm and Farrington, 1984). Including the source-specific samples did not 
significantly improve the relationship (r2=0.24). Separation of samples based on C/N 
ratios, using C/N values <12 as indicative of typical estuarine organic matter (McGroddy 
and Farrington, 1995), also failed to produce a significant relationship between sediment 
OC and EPAH. As a result, sediment OC content could not be used to model and predict 
EPAH concentration in Elizabeth River sediments. Likewise, no significant relationships
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were observed between sediment EPAH and individual PAH and clay content of 
sediments (highest r2=0.007).
In a study of sediments in several South Carolina estuaries, PAH distributions in 
sediments were not controlled by sediment type, total organic carbon or percent fine­
grained sediment. Instead, PAH distributions in sediments were largely influenced by the 
proximity of PAH sources, which ranged from agricultural to industrial (Kucklick et al., 
1997). Near PAH sources in the Elizabeth River, an improved relationship between OC 
and EPAH was observed in the vicinity of a coal-fired power plant (r2=0.48). EPAH in 
sediments near one of the former wood-treatment facilities demonstrated a strong 
relationship with OC (^=0.70); however, this was not observed at the other former wood- 
treatment facility (^=0.20), precluding the use of OC as a predictor of EPAH for this 
general source type.
Although no particle property was observed to be correlated with sediment PAH 
content, one parameter may be a useful screening tool to indicate PAH contaminated 
sediments in the Elizabeth River. All of the highly contaminated sediments were
1 ■lobserved to fall in a relatively narrow range of bulk 8 C of organic carbon (-24.3 ± 0.5 
%0, Figure 7). However, although average 813C values for sediments collected in the 
vicinity of the two former wood treatment facilities were very similar (Atlantic Wood: - 
24.05 ± 0.24 %o; Eppinger & Russell: -24.04 ± 0.49 %o) numerous lesser-contaminated 
sediments had similar 813C values. Since the Atlantic Wood and Eppinger & Russell 
sediments had 513C values that were not significantly different from the remaining shoal
samples in the southern branch, S13C = -24.3 ± 0.5 %o may simply reflect organic matter
• • • 1 ^sources in this region of the river and not creosote contamination. The 8 C values
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observed here fall within the range of values of bulk organic carbon observed in other 
estuarine systems (Megens et al., 2002).
Evaluating potential toxic effects
The effects range low (ERL) and effects range median (ERM) are biological 
effects classifications developed by Long et al., (1995) based on contaminant modeling, 
laboratory assays, and field toxicity studies generated from a review of toxicological 
literature. The ERL is the value at which toxicity may begin to be observed in sensitive 
species; the ERM is the median concentration at which toxic effects are first observed 
(NOAA, 1999) (Table 2). When using the ERL and ERM values to evaluate the potential 
biological effects of PAHs in Elizabeth River sediment, three categories were used: levels 
which did not exceed the ERL, or had minimal effects (<ERL); levels between the ERL 
and the ERM, which have possible effects (>ERL and <ERM); and levels that exceed the 
ERM, which have probable effects on benthic biota (>ERM) (Figures 8, 9).
Apart from one sample collected in the vicinity of a suspected former coal 
gasification site, Elizabeth River main stem sediments did not exceed the ERM for 
individual PAHs or EPAH (Figure 9). Samples within the southern branch channel 
sediments are highly variable in terms of the observed PAH effects levels, but in only one 
instance is the ERL not exceeded (E32-a sandy sediment located in the most upstream 
area studied). Channel samples located downstream of Atlantic Wood and upstream of 
Eppinger&Russell, two former wood treatment facilities, generally fall between the ERL 
and ERM. Channel samples located adjacent to or between the two former wood 
treatment facilities exceed the ERM with only one exception (E20). Likewise, shoal
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samples collected immediately adjacent to the two former wood-treatment facilities 
exceeded the ERM with only one exception (PI9). Shoal samples collected from the 
mouth of the southern branch upstream towards Atlantic Woods increased in 
concentration and effects levels, proceeding from <ERL near the mouth to >ERM 
approaching Atlantic Wood, while samples collected in the area between the two former 
wood treatment facilities varied between >ERL and <ERM to >ERM.
The ERM exceedances also indicate the impact of point sources in contributing to 
the overall levels of contamination in the Elizabeth River. These results correspond to 
toxicological investigations into the biological effects of this highly contaminated urban 
estuary. External and internal fish lesions were associated with the high contaminant 
levels at Eppinger&Russell and immediately downstream (Huggett et al., 1992).
Previous studies indicated toxicological impacts at Atlantic Woods, despite only 
moderate PAH concentrations at that location at the time (Huggett et al., 1987; Huggett et 
al., 1992). Current toxicological monitoring efforts in the Elizabeth River involve benthic 
community assessments and pelagic histopathology evaluations. Assessments of the 
benthic community indicate that these sites range from degraded to severely degraded; 
the region located between two of the most heavily contaminated areas (Atlantic Wood 
and Eppinger & Russell) has the most degraded ranking in the southern branch (Dauer, 
2000). An examination of liver histopathology of a non-migratory fish species (Fundulus 
heteroclitus) indicated that Atlantic Wood had among the highest incidence of altered 
hepatocellular foci and neoplasms and was ranked as a severe problem area (Vogelbein 
and Zwemer, 2000).
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As a comparison to PAH levels and potential impact in other systems, a recent 
sediment toxicity study (McGee et al., 1999) in Baltimore Harbor -Patapsco River 
revealed only one site exceeding the ERM for the compounds analyzed in this study. 
Specifically, phenanthrene, pyrene, B[a]A, and B[a]P all exceeded their ERM values for 
this site, located in the Inner Harbor area. Other ERM exceedances were noted in this 
study (2-methylnaphthalene, acenaphthylene, acenapthene, XPCBs, and several metals). 
The majority of the Baltimore Harbor/Patapsco River sites were >ERL and <ERM for the 
PAHs in question.
PAH concentration change over time
Using sediment PAH concentrations measured in a previous survey of the 
Elizabeth River (Huggett et al., 1987), the change in PAH concentrations over time for 
various channel locations was evaluated. In areas where the sampling sites were 
approximately the same for the two surveys, 1st order rate constant and PAH 
environmental half-lives in channel sediments were calculated:
[In (C/C0)]/t = -X (Eq. 2)
where C = concentration of an individual PAH from this investigation; C0= 
concentration of an individual PAH from the 1983 sampling (Huggett et al., 1987); t = 
time between sampling events; and X -  first order rate constant. This model assumes that 
the system is at steady state and is unaffected by mixing. However, given the estimated 
accuracy of the current PAH concentrations (Table 1), changes of < ±50% in sediment 
PAH concentrations were considered insignificant. In such cases, sediment PAH levels
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had no significant increases or decreases in concentration over the 15 year interval from 
1983-1998.
For the majority of the Elizabeth River channel sites assessed, PAH 
concentrations decreased over time with environmental half-lives ranging from 5 to 25 
years (Table 3). This indicates that weathering or degradation processes or, physical 
proceses (mixing, bioturbation, and , more likely, dredging), are effective in reducing 
contaminant loads to surface sediments and that any additional inputs are limited, or are 
adding PAHs to the system at a rate lower than removal rates for these select channel 
locations. However, significant decreases in most PAH concentrations were not detected 
at four sites (E04, E06, E17, E47 -  Table 3), and one of these sites, El 7, located between 
Atlantic Wood and Eppinger & Russell, demonstrated an increase in concentrations of 
B[b]F, IP, and B[ghiJP. Two of the sites where significant decreases were not observed 
(E04, E06) are located downstream of Atlantic Wood, in the southern branch of the 
Elizabeth River. Historical, and potentially current, input from the wood-treatment 
facility combined with any current point or non-point source input (e.g., input from ship 
maintenance activities or other current industrial activities) may occur at a rate equivalent 
to removal processes in this region. Likewise, the selective increases in PAH 
concentrations at E l7, located between two known former wood-treatment plants, may be 
due to contaminant accumulation proceeding faster than removal processes at this site. 
This may be expected of the heavier compounds (e.g. B[b]F, IP, and B[ghi]P), which 
tend to degrade (Shiaris, 1989) and diffuse slowly (Schwarzenbach et al., 1993). It is 
likely that the area of increased PAH concentrations in Elizabeth River sediments is 
caused by the joint contributions of former wood-treatment facilities including Atlantic
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Wood, Eppinger & Russell, and potentially Republic Creosote, which was historically 
located between the two other wood-treatment sites (Merrill and Wade, 1985). High 
PAH concentrations in the shoal areas of both Atlantic Wood and Eppinger & Russell 
and the presence of a NAPL phase during sample collection at these sites indicate 
substantial releases. Tidal flushing, though limited in the Elizabeth River, as well as 
indirect impacts of ship traffic and dredge activities, may serve to aid in contaminant 
dispersal from the sites.
Using the environmental rate constants derived for the various PAHs at select 
sites, the estimated time for contaminant levels to decrease to the effects range low (ERL) 
values for these channel locations was calculated. As indicated above, all samples 
collected in the main stem with calculated environmental half-lives are currently at or 
below the ERL. Four sites (E03, E07, E14, and E23) had estimated time to achieve the 
ERL ranging from 2 to 42 years. In general, clean-up times for these channel locations 
increased progressing toward the more highly contaminated area of the southern branch, 
with an average time of 4 years at E03 to an average time of 29 years at E23. With the 
exception of chrysene, clean-up times for individual PAHs typically increased with 
increasing molecular weight. Chrysene also had a shorter cleanup time than its isomer 
B[a] A. This may be in part due to the much greater gas efflux of chrysene compared to 
B[a]A from the Elizabeth River (Gustafson and Dickhut, 1997). While these estimates 
provide useful information on contaminant changes over time for the channel locations, 
similar estimates are not available for the more highly impacted shoal locations.
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Conclusions
Extremely high PAH levels relative to the other two designated Regions of 
Concern in the Chesapeake Bay system, as well as coastal and estuarine systems 
worldwide, are observed in Elizabeth River sediments. Nonetheless, comparison of 
channel samples between the current data set and data sets collected in the early 1980s 
demonstrate a general reduction in PAH concentrations; however, steady state and 
increased sediment PAH concentrations in the vicinity of two former wood-treatment 
facilities were noted. Moreover, it is unlikely that sediment PAH concentrations in the 
highly impacted shoal regions of the Elizabeth River have declined significantly since 
historical releases of creosote occurred, since no dredging or clean-up efforts have been 
focused on these areas.
Based on an examination of the contaminant levels in the main stem and southern 
branch of the Elizabeth River using established criteria, the river remains a clear hazard 
to benthic and pelagic species. Despite continual dredging of the channel, PAH 
concentrations in the river have not been reduced to non-hazard levels. The southern 
branch is most notable in its level of contamination. Due to the low flushing of the river 
(Huggett et al., 1992; Neilson, 1975; Fang et al., 1975), PAHs associated with 
resuspended sediment through dredging and normal ship traffic are unlikely to be 
removed from the river and have a higher probability of settling within the Elizabeth 
River. This may help to explain the consistently high PAH concentrations found in the 
sediments in the vicinity of former wood treatment facilities. Additionally, 
contamination ascribed to discrete, large, historical releases is not the only source of 
PAHs to the river. Suspected continual discharges from former wood treatment facilities,
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current and historical petroleum and coal transport, and current coal usage may also be 
contributing to the elevated PAH concentrations (Merrill and Wade, 1985; Walker and 
Dickhut, 2001).
The influence of point sources of PAHs in the southern branch of the Elizabeth 
River was evident in examining the geochemical parameters of the sediment (%OC, 
%clay, C/N). The lack of useful correlation of PAHs to standard geochemical (OC, clay, 
C/N) parameters indicates the importance of separate forcings (ie., source type and 
proximity) on PAH distribution in Elizabeth River sediments. The PAH distribution 
observed in this investigation is a clear departure from classic organic contaminant -  
organic matter associations and requires additional investigation into the role of source 
type, both historical and current, in PAH distribution in the estuary.
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Table 2-1. Table indicating percent difference of sample concentrations calculated from 
the sonication extraction and accelerated solvent extraction (ASE) of NIST standard 1944 
(NIST, http://patapsco.nist.gov/srmcatalog/certificates/1944.pdf). Percent difference was 
obtained using average values from the sonication and ASE extractions relative to 
expected values reported for NIST standard.
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Table 2-2. Select PAH concentrations for effects range low (ERL) and effects range 
median (ERM) based on established values (Long et al., 1995; NOAA, 1999)
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Table 2-3. Environmental half-lives (ti/2) calculated from select samples of the current 
data set and concentrations reported by Huggett et al (1987). NC denotes no change; 
underlined values indicate doubling times. Phe=phenanthrene; flr=fluoranthene; 
pyr=pyrene; baa=benzo[a]anthracene; chry=chrysene; bep=benzo[e]pyrene; 
bap=benzo[a]pyrene; ip=indeno[123,cd]pyrene; and bghip=benzo[ghi]perylene.
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Figure 2-1. Locations of samples collected in 1998. An additional 8 samples collected 
1999 to complete the geographic survey of the river are also included.
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Figure 2-2. Locations of samples collected in 1999.
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Figure 2-3. Comparison of average and maximum £PAH values for the Elizabeth River 
channel, the Elizabeth River shoal, the Elizabeth River wood treatment shoal areas, the 
Anacostia River (Wade et al., 1984), Baltimore Harbor (Ashley and Baker, 1999), the 
mid/lower Chesapeake Bay (Arzayus, 2002), and the York River (Arzayus, 2002). Error 
bars are reported in log standard error.
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Figure 2-4. Comparison of maximum EPAH concentrations ZPAH values for the 
Elizabeth River channel, the Elizabeth River shoal, the Elizabeth River wood treatment 
shoal areas the mid/lower Chesapeake Bay (Arzayus, 2002), the York River (Arzayus, 
2002), the Klang River estuary (Zakaria et al., 2002), Jiulongjiang estuary (Yuan et al., 
2001), Richardson Bay (Pereira et al., 1999), Gulf of Mexico (Maruya et al., 1997), New 
York Harbor (Lamoureux and Brownawell, 1999), Corpus Cristi (Maruya et al., 1997), 
Corsica (Baumard et al., 1998), Mediterrranean Sea (Baumard et al., 1998), the Anacostia 
River (Wade et al., 1984), Santos (Nishigima et al., 2001), Baltimore Harbor (Ashley and 
Baker, 1999), Tokyo Bay (Zakaria et al., 2002), Boston Harbor (Wang et al., 2001), and 
Sydney Harbor (McReady et al., 2000). Note: The number of individual PAH 
contributing to reported 2PAH may differ from EPAH reported in this investigation.
- 5 5 -
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
[sanjBA oinunxeui] 
(.wp§/§n) HV J 11111513o[
X \  \
%  ° \
%  %  \^ X \ \V  v,Si
\ V \
x t - X
<%, v \
A X %
\  \
,  \  *«■ 
%> *
t^ r<i>
ij, V  %
<?- % ,  \
^  °S , “fy«  ^  
W 8  
\ V %
■%. \ \  
V  \  x
V . \ v
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 2-5. Comparison of representative carcinogenic compounds (% B[b]F and B[a]P) 
and perylene between the Elizabeth River channel, shoal, and wood treatment shoal 
areas, the mid/lower Chesapeake Bay and the York River (Arzayus, 2002). Error bars are 
reported in standard error.
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Figure 2-6. PAH values for channel samples. A. ZPAH for channel samples from 
mouth of Elizabeth River to river KM24.B. Profile of In EPAH versus km based on a 
diffusional model. C. Profile of In [PAH] versus km2 based on a diffusional model for 
B[ghi]P (T ), perylene (o), and 1-methylfluorene (•).
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Figure 2-7. Comparison of ZPAH and bulk 813C (total organic carbon) values.
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Figure 2-8. Effects levels for the samples collected from the Elizabeth River. ERL-
effects range low; ERM-effects range median.
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Figure 2-9. Effects levels for samples collected from the Elizabeth River targeted source
areas. ERL-effects range low; ERM-effects range median.
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CHAPTER 3-SOURCES OF PAHS TO SEDIMENTS OF THE ELIZABETH RIVER, VA
Published in Soil and Sediment Contamination, volume 10, issue 6, pp. 611-632.
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Abstract
Sediments collected from the Elizabeth River, VA, a highly contaminated subestuary of the 
James River, were analyzed for polycyclic aromatic hydrocarbons (PAHs). Select isomer 
ratios (BbF/BkF, BaA/chrysene and IP/BghiP) and molecular weight fractions (EPAH202/202- 
276 and IPAH 252/202-276) were identified as source indicators for two former wood-treatment 
facilities (Atlantic Wood and Eppinger & Russell) located on the southern branch of the 
Elizabeth River. These facilities are suspected as probable contributors to the high PAH 
contamination in sediments. Plots of the wood-treatment source indicators, along with those 
for coal, wood, and automotives, revealed a likely contribution from only one of the former 
wood-treatment facilities, in addition to the possible contribution of coal/coal gasification to 
PAH contamination in sediments of the main stem and southern branch o f the Elizabeth 
River. By examining PAH isomer ratios from known or suspected sources, it is possible to 
distinguish multiple sources of PAHs to an ecosystem.
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Introduction
The Elizabeth River, VA, is a subestuary of the James River, a tributary of the 
Chesapeake Bay. The southern branch of the Elizabeth River is highly developed as a result 
of commercial, military and industrial activities. Initial watershed development began in the 
early 1800s; however, large-scale development began in the 1880s when railroads accessed 
the area and steamboats were improved to facilitate coal transport. This development led to 
the reworking of the shoreline and dredging of the shipping channel (Nichols and Howard- 
Strobel, 1991). Currently, US Naval shipyards, commercial shipyards, marinas, coal 
terminals, and petroleum storage and shipping terminals are located along the southern 
branch of the Elizabeth River. In addition to these activities, up to five wood-treatment 
facilities were located along the southern branch of the river. One of these facilities, Atlantic 
Wood Industries, Inc., was operational from 1926 to 1992, and is currently a Superfund site 
on EPA’s National Priorities List (USEPA).
Creosote, a high temperature distillate of coal tar used at the wood-treatment facilities 
along the southern branch of the Elizabeth River (Lu, 1982), consists of approximately 85% 
polycyclic aromatic hydrocarbons (PAHs) (Merrill and Wade, 1985; Mueller et al., 1989). 
Several PAHs are known or suspected carcinogens and mutagens (Denissenko et al., 1996; 
Menzie et al., 1992; Huggett et al., 1992). A high prevalence of hepatic lesions (93%) and 
hepatocellular carcinomas (33%) have been observed in mummichog collected from sites in 
the southern branch of the Elizabeth River known to be highly contaminated with PAHs 
(Vogelbein et al., 1990). In addition, lens cataracts have been found in croaker, weakflsh, 
and spot from PAH contaminated regions of the southern branch, as well as induced in spot
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by in vitro exposure to PAH contaminated Elizabeth River sediments (Hargis and Zwemer, 
1989).
At least two high volume (20,000 to 30,000 gallon) creosote spills have been 
documented from former wood-treatment facilities, directly discharging into the shoal and 
channel areas o f the southern branch of the Elizabeth River (Lu, 1982). In addition to these 
accidental spills, point source and chronic nonpoint inputs have also contributed to creosote 
accumulation in the Elizabeth River (Huggett et al., 1992). However, despite the tendency to 
characterize the high degree of contamination in the southern branch of the Elizabeth River 
as creosote derived, other sources of contamination are suspected in the shoal and channel 
sediments of this subestuary (Lu, 1982; Huggett et al., 1992). For example, direct coal and 
petroleum sources are implicated in the PAH contamination of the southern branch (Merrill 
and Wade, 1985). In addition, nonpoint sources, such as overland runoff from commercial 
developments and atmospheric deposition resulting from urbanization of the watershed may 
also be important sources of contaminants such as PAHs to the Elizabeth River estuary.
The contribution of multiple sources of PAHs to an ecosystem is difficult to 
determine due to the effects of weathering, dilution, and the differential degradation rates of 
some compounds. However, the use of isomer ratios (i.e., ratios of compounds with the same 
molecular makeup but different structure) has been used in previous investigations to 
establish relative contributions of different sources of PAHs (Dickhut et al., 2000; Colombo 
et al., 1989). Isomer pairs are diluted to a similar extent upon mixing with natural particulate 
matter and distribute in a similar manner to other phases due to comparable thermodynamic 
partitioning and mass transfer kinetics (Dickhut, et al, 2000). As such, increases in PAH 
concentration with total organic carbon content and smaller grain size fractions should be
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identical between two isomers. Therefore, isomer ratios tend to reflect the source of the 
PAHs provided compound specific degradation has not occurred or can be assessed. In 
addition, with isomer ratios, source information is derived solely from the PAH analysis, and 
thus is more cost-effective than source apportionment techniques that require examination of 
multiple classes of chemical markers.
In this paper, we calculate isomer ratios, as well as molecular weight fractions, for 
some of the most probable sources of PAH contamination to the Elizabeth River and use 
these indicators to determine the relative impact of specific PAH sources to sediments of the 
southern branch and the main stem of the estuary. By using multiple combinations of the 
derived PAH source indicators, we evaluate the possible presence of creosote and other PAH 
sources to this highly industrialized estuary.
Methods
Sample collection
Fifty surface sediment samples were collected from the main stem and southern 
branch of the Elizabeth River during June 9-11, 1998, and an additional 28 surface sediment 
samples were collected during July 15-16,1999 (Figure 1). Samples were collected adjacent 
to Craney Island at the mouth of the river and proceeded along the main stem into the 
southern branch with the total extent of the sample area stretching approximately 22 km of 
the Elizabeth River. Approximately 28 samples were collected within the active dredge 
channel and 50 samples were collected from both the east and west shoal areas of both the 
main stem and the southern branch. Sediment samples were collected using a Smith- 
Macintyre surface grab sampler. The top 2 cm of sediment were removed using a solvent
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rinsed metal spatula and placed in pre-cleaned, ashed (4 hrs @ 400 °C) sample jars for 
transport and storage. Within 24 hours of collection, the samples were centrifuged at 
1500RPM for 25 minutes to remove sediment porewater. The remaining sediment was 
stored in a cold room at 4 °C until analysis.
Sample extraction
Sediment samples were homogenized by stirring and sub-sampled for subsequent 
analyses (i.e., grain size, water content, trace metal, and organic contaminant analysis). 
Approximately 10 g of sediment was transferred to an aluminum weighing pan to measure 
water content. The sub-sample was weighed and allowed to dry at 60°C for a minimum of 
48 hours. The samples were then allowed to cool briefly and reweighed to ±0.1 mg.
Approximately 7-12 g of sediment were used for organic contaminant analysis. The 
samples collected in 1998 were extracted in the following manner. A sub-sample was placed 
in an ashed, solvent-rinsed 8 oz. Qorpack™ jar and weighed. Thirty ml of a 1:1 
acetone:dichloromethane (DCM) solvent mixture was added to each sample, in addition to a 
surrogate standard mixture containing deuterated PAHs (<Ao-anthracene, d\2- 
benz[a]anthracene, c/i2-benzo[a]pyrene, and J i2-benzo[g,h,i]perylene). A sample weight 
equivalent of Na2S0 4  was also added to each jar and sediments were then extracted 3 times 
with the acetone:DCM solvent mixture (1X3 0ml and 2X20ml) for 45 min in an ultrasonic 
bath. After each extraction, the sample was centrifuged at 1200RPM for 20min. The extract 
was then transferred to a 250 ml flask for sample reduction/exchange.
The samples collected in 1999 were extracted using accelerated solvent extraction 
(Dionex ASE 200 Accelerated Solvent Extractor). A 7-8 g sub-sample was mixed with a
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sufficient amount of Hydromatrix™ to facilitate water removal and adequate wetting of the 
sediment surface with organic solvents. The sample was then subjected to high temperature 
(100°C), high pressure (2000 psi) extraction with 1:1 DCM:acetone. The resulting organic 
phase was pipetted off and the aqueous phase was back-extracted three times with an 
equivalent volume of hexane. The hexane extract was then added to the organic phase for 
analysis o f PAHs.
Both the sonic-extracted and ASE-extracted samples were rotoevaporated and 
solvent-exchanged with hexane. The hexane extracts were then subjected to solid-liquid 
chromatography on pre-cleaned Na2SC>4, acid and solvent-rinsed elemental copper, and pre­
cleaned silica gel using hexane and DCM to remove organic polymers, elemental sulfur, and 
aliphatic and polar compounds (Dickhut and Gustafson, 1995). The PAH fraction (4:1 
hexane:DCM) that eluted from the silica column was again rotoevaporated and solvent- 
exchanged with hexane, and an internal standard containing deuterated PAHs {d\Q- 
phenanthrene, cfo-chrysene, and tfo-perylene) was added to each extract. The samples were 
further concentrated under a purified N2 stream prior to analysis.
Instrumental analysis
PAHs were identified and quantified using a capillary gas chromatograph (Hewlett 
Packard 5890) and a mass selective detector (Hewlett Packard 5971 A) operated in selective 
ion monitoring (SIM) mode. The capillary column used was a 30m length, 0.25 inner 
diameter silica column, with 0.25pm stationary phase film thickness (J & W Scientific DB- 
XLB). Helium was used as the carrier gas at a flow rate of 2ml/min and a head pressure of 
17 kPa. The temperature program was 100-150°C at 25°C/min; 150-260°C at 6°C/min, and
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260-290°C at l°C/min. The initial oven temperature was 100°C while the injector 
temperature was 300°C. One microliter of sample was injected in a splitless injection. 
Twenty-five PAHs were identified relative to known reference standards.
Quality assurance
The two extraction methods were compared using duplicate samples of standard 
reference material National Institute of Standards and Technology (NIST) Standard 
Reference Material (SRM) 1944-New York-New Jersey Waterway Sediment. The results of 
the ASE extraction were not significantly different from the values provided by NIST for 
SRM 1944 using a paired t-test (95% confidence interval). However, multiple compounds 
analyzed using the sonication extraction method were significantly different from the SRM 
1944 values (paired t-test, 95% confidence interval). Consequently, the sonication extracted 
samples were corrected based on the average % difference, which ranged from 3.6% to 54% 
of replicate analyses of the NIST SRM using the sonication extraction method and the NIST 
reported values. Only compounds listed for SRM 1944 (phenanthrene, anthracene, 
fluoranthene, pyrene, benz[a]anthracene, chrysene, benzo[b]fluoranthene, 
benzo[k]fluoranthene, benzo[e]pyrene, benzo[a]pyrene, perylene, indeno[123, cdjpyrene, and 
benzo[ghi]perylene) were corrected.
Overall, recoveries of the PAH surrogate standards averaged 87.7 ± 7.8%, 111 ±
18%, and 95.6 + 10.3%, for a?io-anthracene, J i2-benz[a]anthracene, and c?i2-benzo[a]pyrene, 
respectively. In all cases, levels of individual PAHs were calculated relative to PAH 
surrogate abundances, and therefore, are automatically corrected for recovery. However, due 
to the extremely high concentrations present in many of the sediment samples (up to
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1700|_tg/g dry weight), an independent evaluation was conducted to determine if the surrogate 
standard could accurately quantify compound concentrations exceeding standard 
concentrations by up to two orders of magnitude. By maintaining constant deuterated 
surrogate concentrations and step-wise increasing PAH concentrations up to two orders of 
magnitude higher than the surrogate in a series of five standards, the difference between 
calculated (based on surrogate standard) and actual sample concentrations was examined. 
PAH concentrations calculated from the surrogate compound concentrations were accurate 
(+12% of actual) when PAH concentrations were <10X surrogate concentrations. However, 
when PAH concentrations exceeded surrogate compound concentrations by >10-100X, 
calculated PAH concentration exceeded actual by 22-37%. Thus, correction factors were 
applied to 48 of the 78 sediment samples in which PAH concentrations exceeded surrogate 
concentrations by 10 to 800X.
Principal component analysis
Principal component analysis (PCA) is a statistical method that determines a few 
linear combinations of variables that can explain the majority of the variance of a dataset 
(Meglen, 1992). Source indicators (isomer ratios and molecular weight fractions) were 
examined for samples located in the two identified source areas as well as in all samples 
collected from the Elizabeth River. Only principal components with eigenvalues >1.0 are 
discussed.
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Results
PAH concentrations
EPAH concentrations in Elizabeth River sediments of the main stem and southern 
branch of the estuary ranged from 0.0410|ag/gdry to 1730pg/gdry (Figure 2). The highest 
EPAH levels were measured in the vicinity of two former wood treatment facilities, Atlantic 
Wood, Inc. and Eppinger & Russell, both located in the southern branch of the estuary. 
Detailed sediment sampling was conducted at these two sites (Figure 1) in order to determine 
source indicators of the PAH mixtures at these sites (i.e. isomer ratios, molecular weight 
fractions), and subsequently examine the relative contribution of these high level source 
areas to PAH contamination in Elizabeth River sediments. Moderately high PAH 
concentrations were also measured in sediments of a shoal site near the confluence of the 
main stem and southern branches thought to be adjacent to the site of a former coal 
gasification plant (Figure 1). Additional evaluation of sediments in the vicinity of this 
former coal gasification plant may also need to be conducted.
PAH source isomer ratios and molecular weight fractions
Thirteen samples from both the 1998 and 1999 sampling were used in determining 
the source indicators for Atlantic Wood, while twelve samples from the two cruises were 
used for Eppinger & Russell (Fig.l). Given the high concentrations of PAHs in sediments in 
the vicinity of these former wood treatment facilities (Figure 2), these sites are suspected 
sources of PAHs to the estuary. The following isomer pairs: phenanthrene/anthracene; 2- 
methylphenanthrene/2-methylanthracene (2MP/2MA); 1 -methylphenanthrene/1 -
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methylanthracene (1MP/1MA); fluoranthene/pyrene; benzo(a)anthracene(BaA)/chrysene; 
benzo(b)fluoranthene/benzo(k)fluoranthene (BbF/BkF); benzo(e)pyrene/benzo(a)pyrene 
(BeP/BaP); and indeno(l,2,3,c,d)pyrene/benzo(ghi)perylene (IP/BghiP), were examined for 
both of these sample sets (Figure 3a-h). With the exception of unsubstituted and methylated 
phenanthrenes and anthracenes, the relative concentrations of the isomers were similar in all 
samples analyzed from each site (Figure 3d-h). For phenanthrene/anthracene, 2MP/2MA, and 
1MP/1MA, non-constant proportions were observed in samples from the Eppinger & Russell 
site (Figure 3a-c). The non-constant proportions of these PAHs in the vicinity of Eppinger & 
Russell may be due to additional sources of phenanthrene, 2MP, or IMP at this site, or 
preferential degradation of anthracene, 2MA, or IMA. Regardless, since these isomer ratios 
are not conservative in these source samples, they are not useful source tracers.
For the remaining PAH isomer pairs, concentrations of the compounds were plotted 
against each other and fitted for the slope of the line with an intercept of zero for each of the 
data sets (Figure 3d-h). Each regression line had a r2 of 0.8 or better. For each pair of 
isomers, a two-sided Student’s t-test was performed on the two slopes (isomer ratios) 
representing each source area using a pooled standard error to determine if the two sites had 
significantly different isomer ratios. Of the five isomer ratios evaluated, BeP/BaP was not 
significantly different between the two sites at the 95% confidence interval (Figure 3g), and 
fluoranthene/pyrene was not significantly different at the 99% confidence interval (Figure 
3d). Additionally, temporal variation was observed for BeP/BaP in the Atlantic Wood 
samples (Figure 3g). Removing the three 1998 Atlantic Wood samples from the regression 
plot produces a tighter fit (r2=0.98) and a significantly different source ratio for BeP/BaP
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between Atlantic Wood and Eppinger & Russell. However, this temporal variation was not 
observed for the other isomer ratios examined.
Although the isomer ratios for fluoranthene/pyrene and BaP/BeP are not directly 
useful in distinguishing PAHs originating from Atlantic Wood versus Eppinger & Russell at 
the 99% confidence interval, we noted that samples from Eppinger & Russell tended to have 
a higher proportion of fluoranthene and pyrene (Figure 3d), whereas those from Atlantic 
Wood had a greater proportion of BbF, BkF, BeP, BaP (Figure 3f,g). Consequently, in 
addition to the isomer ratios, we evaluated the molecular weight fractions for these two 
groups of compounds. This was done by calculating the MW 202
(XPAH2o2=fluoranthene+pyrene) and MW252 (ZPAH252=BbF+BkF+BeP+BaP+ perylene) 
fractions relative to the MW202-276 fraction (SPAH202-276 =E202+E252+IP+BghiP). As 
with the isomer ratios for BbF/BkF, BaA/chrysene and IP/BghiP, significantly different (99% 
confidence interval) molecular weight fractions were observed for Atlantic Wood and 
Eppinger & Russell (Figure 4a,b).
Source plots
The 99% confidence intervals were calculated for the BbF/BkF, BaA/chrysene, and 
IP/BghiP isomer ratios, as well as the ZPAH202/EPAH202-276 and SPAH252/SPAH202-276 
molecular weight fractions, and used to establish source plots for PAHs in Elizabeth River 
sediments. Various 2-dimensional source plots were generated that distinguished PAHs in 
the vicinity of Atlantic Wood from those at Eppinger & Russell (Figs. 5-8). On these plots, 
the mixing curves between the two creosote sources were calculated using the now-linear 
mixing equation derived by Bidleman and Falconer (1999). While this equation was derived
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for use with chiral compounds and enantiomer ratios, the use of isomer ratios and molecular 
weight fractions for determining relative source contribution necessitates the use of a non­
linear mixing curve between the two sources. The general equation is as follows:
Fa =  ((Rm-R b)(R a+ l))/((R a-R b)(R m+ l))
where Fa is the fraction of the total compound originating from one of the two identified 
sources. In this case, the subscripts a and b, refer to Atlantic Wood and Eppinger &Russell, 
respectively. Also, Rm is the isomer ratio, or molecular weight fraction of a mixture of 
compounds derived from sources a and b, and Ra and Rb are the isomer ratios or MW 
fractions from each individual source. The mixing curves plotted specifically for this 
investigation were derived by assigning Fa values ranging from 0 to 1, and Ra and Rb values 
to each source based on the 99% confidence limit of the isomer ratio or molecular weight 
fraction, respectively, and solving for Rm.
Isomer ratios for the remaining sediment samples, i.e., those not used to determine 
source ratios for Atlantic Wood and Eppinger & Russell, were also plotted relative to the 
mixing curves and source indicators (Figs. 5-8). The samples plotted were both channel and 
shoal samples collected from the main stem and the southern branch of the Elizabeth River. 
The channel samples were differentiated based on their location relative to the two sources. 
Samples located downriver of Atlantic Wood, between Atlantic Wood and Eppinger & 
Russell, and upriver of Eppinger & Russell were separated. Likewise, shoal samples were 
separated based on their location, either the main stem or the southern branch. Where 
possible, general source indicators for automobiles (Rogge et al., 1993, Colmsjo et al., 1986),
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coal (using data for coal-derived pitches and tars, Dominguez et al., 1996; Eisenhut et al, 
1982) and wood combustion (Rogge et al., 1998, Jenkins et al., 1996) were plotted along 
with PAH source indicators for Atlantic Wood and Eppinger & Russell.
Discussion
The isomer ratios and molecular weight fractions used for the PAH source analysis 
consisted of mid to heavy molecular weight compounds (MW = 202-276). These 
compounds, with high molecular weight and low solubility, are more hydrophobic than 
lighter PAHs, and thus strongly sorb to particles and tend to exhibit decreased availability for 
biological and photodegradation, and weathering (Schwarzenbach et al., 1993;Wang et al., 
1999; Shiaris, 1989; Mueller et al., 1991). As a result, these mid to heavy MW compounds 
tend to retain their relative proportions between source and sediment deposition and burial.
Distinct differences in some isomer ratios between the two former wood-treatment 
facilities located on the southern branch of the Elizabeth River, VA, were determined despite 
the fact that both facilities began using the same imported creosote source during peak 
production years in the 1940s (Lu, 1982). Moreover, the relative abundance of the various 
mid to heavy molecular weight PAH isomers was observed to be extremely consistent within 
each site (r2>0.8, Figure 3d-h). Of the isomer ratios examined, BbF/BkF, BaA/chrysene and 
IP/BghiP allowed for accurate differentiation between the two creosote contaminated sites on 
the southern branch of the Elizabeth River. In addition, although the molecular weight 
fractions IPAH 202/TPAH202-276 and SPAH252/EPAH252-276 for each site displayed slightly
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weaker relationships (r =0.73-0.98), both ratios were significantly different between the two 
sites.
Initial analysis of the SPAH202/SPAH202-276 and ZPAH252/SPAH252-276 versus 
BaA/chrysene plots (Figure 5 and 6), as well as the BbF/BkF versus BaA/chrysene plots 
(Figure 7) revealed an intriguing pattern. For both the shoal and the channel areas, samples 
located upriver from Eppinger & Russell appear to have a signature similar to Atlantic 
Wood, while those samples downstream of Atlantic Wood appear to be predominantly 
influenced by Eppinger & Russell. Upon closer inspection, it can be noted that the source 
indicators for Eppinger & Russell lie in between those for Atlantic Wood and for coal and/or 
the sample collected from the area of the former coal gasification plant at the intersection of 
the southern branch and the main stem of the river. Thus, it is more likely that channel and 
shoal sediments of the main stem and southern branch of the Elizabeth River, particularly 
those located downriver of Atlantic Wood, are influenced by coal sources and/or the 
suspected coal gasification site rather than Eppinger & Russell.
In contrast to source plots utilizing the PAH molecular weight fractions at Atlantic 
Wood and Eppinger & Russell, plots of IP/BghiP versus BaA/chrysene distinguish Atlantic 
Wood and Eppinger & Russell from coal/coal gasification sources of PAHs (Figure 8a,b). In 
these plots, the channel samples display little to no influence by the Eppinger & Russell 
source. PAHs in channel sediments collected upriver from Atlantic Wood, including the area 
past Eppinger & Russell, as well as those in channel sediments collected between the two 
former wood treatment facilities, appear to be largely derived from Atlantic Wood. However, 
channel sediments collected downriver from Atlantic Wood, towards the mainstem, most 
closely resemble a mixture of Atlantic Wood and a general coal source of PAHs. Also,
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automobile and wood sources do not substantially influence the PAH distribution in 
Elizabeth River channel sediments.
Likewise, PAHs in the shoal samples of the main stem and southern branch of the 
Elizabeth River appear to be derived predominantly from Atlantic Wood and coal sources 
with little influence from Eppinger & Russell (Figure 8b). The main stem samples are more 
similar to the general coal source, however, given the placement of the general coal signature 
and the coal gasification sample, the main stem samples cannot be unilaterally ascribed to 
either the general coal source or the coal gasification influence. Shoal sediments from the 
southern branch display a greater scatter than those from the channel, deviating further from 
the mixing regions between Atlantic Wood and either the general coal source or the coal 
gasification source. These samples may indicate a PAH source not previously detected. 
Alternatively, these samples may reflect a greater influence of automotive or wood-derived 
sources due to atmospheric deposition and terrestrial runoff. Given the more limited activity 
in the shoal areas, as opposed to the highly maintained dredge channels, atmospheric 
deposition may have a greater influence on PAH distribution in these areas.
Finally, the various source indicators determined to be significantly different between 
Atlantic Wood and Eppinger & Russell (ZPAH202/202-276, SPAH252/202-276, BaA/chrysene, 
BbF/BkF, and IP/BghiP) were examined using PCA. Data for all of the sediment samples, as 
well as PAH sources, were used in this analysis. Two principal components described 77.7% 
of the variability in the data set. PCI described 43.7% of the variability and was strongly 
correlated (loading > .60) with both ZPAH202/202-276 and EPAH252/202-276, whereas, PC2 
described 34% of the variability in the data set and was strongly correlated with both 
BbF/BkF and IP/BghiP. As with the isomer ratio and MW fraction source plots (Figs. 5-8),
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the Atlantic Wood and Eppinger & Russell source sediments tended to cluster separately 
(Figure 9). Likewise, the remaining sediment samples formed a separate cluster on the PCA 
score plot. Nonetheless, shoal samples from the southern branch of the Elizabeth River 
clustered adjacent to the Atlantic Wood samples, whereas shoal and channel samples from 
the main stem of the Elizabeth River clustered adjacent to the Eppinger & Russell samples. 
However, these latter samples also overlapped on the PCA score plot with the sample 
collected in the vicinity of the former coal gasification site. Thus, in general, the PCA 
appears to support the results of the two-dimensional source plots and further implicates the 
former coal gasification site as an important contributor to PAHs in Elizabeth River 
sediments.
Notwithstanding the potential for the former coal gasification plant to influence 
sediment contamination of the Elizabeth River, a strong contribution of coal sources to 
sediment contamination in this estuary seems likely based on recent studies. Dickhut, et al. 
(2000) demonstrated the possibility of long-term influence of coal-derived sources of PAHs 
in sediments of Chesapeake Bay. Despite a dominant influence of automotive derived PAHs 
in the atmosphere and surface waters of Chesapeake Bay, Dickhut, et al. (2000) found that 
coal-derived signatures dominated sediment and bottom water PAH distributions, implicating 
current or historical coal inputs. The presence of coal terminals or storage facilities at 
Lambert’s Point along the main stem and a coal-fired Virginia Power facility along the 
southern branch of the Elizabeth River may currently provide coal-derived PAHs to this 
estuary. However, the development of the Elizabeth River harbor, beginning in the 1800s, 
initially revolved around coal transport and terminal construction (Nichols and Howard- 
Strobel, 1991). Thus, historical sources of coal-derived PAHs are also likely, particularly
- 8 3 -
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since channel sediments undergo maintenance dredging to provide ship access to the harbor 
(Nichols and Howard-Strobel, 1991).
The apparent dominance of Atlantic Wood over Eppinger & Russell as a source of 
PAHs to sediments of the Elizabeth River, despite an order of magnitude higher maximum 
PAH concentration measured at Eppinger & Russell, may be due to different physical 
forcings present at both sites. A bridge support structure is currently located in the shoal area 
of Atlantic Wood; this, combined with high ship traffic associated with the US Naval ship 
facility immediately upriver of Atlantic Wood as well as other industrial activities, may lead 
to high resuspension and dispersion of contaminants from this area. In contrast, the shoal 
area associated with Eppinger & Russell is located in a shallow bend in the Elizabeth River. 
This area may be more prone to deposition rather than resuspension, inhibiting the dispersion 
of contaminants and possibly contributing to the extremely high PAH concentrations in this 
area.
Summary and Conclusions
The high concentrations of PAHs in sediments, over an order of magnitude greater 
than other sediment samples, at two sites located on the southern branch of the Elizabeth 
River, combined with the history of large and small volume spills from these sites, casts 
suspicion on two former wood-treatment facilities as dominant sources of PAHs to Elizabeth 
River sediments. Additionally, biological surveys of the Elizabeth River have observed 
toxicological responses in benthic organisms significantly correlated to creosote 
concentrations (Huggett et al., 1992). However, despite these factors, PAH isomer ratios 
demonstrate alternate sources of PAHs to the Elizabeth River sediments. By examining
- 8 4 -
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BbF/BkF, BaA/chrysene, and IP/BghiP isomer ratios relative to the known local sources 
(former wood-treatment facilities and coal gasification plant) and general source signatures 
(coal, automotives, wood-burning), probable sources of PAHs to Elizabeth River sediments 
have been identified. One of the former wood treatment facilities, Atlantic Wood Industries, 
Inc. a current EPA Superfund site, and unidentified coal sources or a former coal gasification 
plant, appear to be responsible for a large fraction of the sediment PAH contamination in the 
main stem and southern branch of the Elizabeth River estuary. Although sediments in the 
vicinity of Eppinger & Russell, another former wood treatment facility, are highly 
contaminated, the influence of this source is apparently less extensive throughout sediments 
of the Elizabeth River.
By examining PAH isomer ratios from known or suspected sources, it is possible to 
distinguish multiple sources of PAHs to an ecosystem. Here we have demonstrated that this 
technique can be used even in instances of similar sources, such as two former wood- 
treatment facilities, which both utilized creosote, provided distinct isomer ratios can be 
determined to accurately represent each source. In addition, our analysis indicates that 
creosote contaminated sediments in the vicinity of the former Eppinger & Russell facility, 
although highly contaminated, may not be easily resuspended and transported throughout the 
Elizabeth River, whereas contaminated sediments adjacent to Atlantic Wood appear to be 
readily distributed in this system. Thus, understanding the hydrodynamics and sediment 
transport in the Elizabeth River will be useful in designing sediment remediation efforts. 
Finally, although creosote is a major contributor to PAH contamination of Elizabeth River 
sediments, historical and/or recent coal inputs are also a dominant source. Consequently, 
PAH contamination of Elizabeth River sediments will likely be significantly reduced, but not
- 8 5 -
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eliminated, by remediating sediments in the vicinity of the Atlantic Wood, Inc. and Eppinger 
& Russell former wood treatment facilities.
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Figure 3-1. Map of the Elizabeth River, VA, sediment sampling locations. Circles indicate 
channel samples, squares shoal samples, and triangles indicate samples used to determine 
source signatures for Atlantic Wood and Eppinger & Russell.
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Figure 3-2. Box and whisker plot of the SPAH for Eppinger&Russell, Atlantic Wood, channel 
and shoal samples. The boundary of the box closest to zero indicates the 25 percentile, a line 
within the box marks the median, and the boundary of the box farthest from zero indicates the 
75th percentile. Whiskers above and below the box indicate the 90th and 10th percentiles. Closed
tP l xt.
circles indicate 5 and 95 percentile, as well as outlying points.
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Figure 3-3a-h. Regression plots using selected PAH isomer pairs. Thirteen samples were used 
to determine isomer ratios for Atlantic Wood (•); twelve samples were used for Eppinger & 
Russell (o).
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Figure 3-4a-b. Regression plots for ZPAH202/202-276 and ZPAH252/202-276- Thirteen samples were 
used to determine the molecular weight fraction for Atlantic Wood (•); twelve samples were 
used for Eppinger & Russell (o).
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Figure 3-5a-b. EPAH202/202-276 and BaA/chrysene ratios for Elizabeth River channel 
sediments (a) and shoal sediments (b). AW-Atlantic Wood, ER-Eppinger & Russell, CG- 
coal gasification sample, COAL-coal, and coal pitch and tar, AUTO-automotives, WOOD- 
hard wood burning source indicators. For channel samples, upside down triangles are 
located downriver from Atlantic Wood, circles are located between Atlantic Wood and 
Eppinger & Russell, and triangles are located upriver from Eppinger & Russell. For shoal 
samples, hexagons are main stem samples and diamonds are southern branch samples.
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Figure 3-6a-b. EPAH252/202-276 and BaA/chrysene ratios for the Elizabeth River channel 
sediments (a) and shoal sediments (b). AW-Atlantic Wood, ER-Eppinger & Russell, CG- 
coal gasification sample, COAL-coal, and coal pitch and tar, AUTO-automotives, WOOD- 
hard wood burning source indicators. For channel samples, upside down triangles are 
located downriver from Atlantic Wood, circles are located between Atlantic Wood and 
Eppinger & Russell, and triangles are located upriver from Eppinger & Russell. For shoal 
samples, hexagons are main stem samples and diamonds are southern branch samples.
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Figure 3-7a-b. BbF/BkF and BaA/chrysene ratios for the Elizabeth River channel sediments 
(a) and shoal sediments (b). AW-Atlantic Wood, ER-Eppinger & Russell, CG-coal 
gasification sample, COAL-coal, and coal pitch and tar, AUTO-automotives, WOOD-hard 
wood burning source indicators. For channel samples, upside down triangles are located 
downriver from Atlantic Wood, circles are located between Atlantic Wood and Eppinger & 
Russell, and triangles are located upriver from Eppinger & Russell. For shoal samples, 
hexagons are main stem samples and diamonds are southern branch samples.
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Figure 3-8a-b. IP/BghiP and BaA/chrysene ratios for the Elizabeth River channel sediments 
(a) and shoal sediments (b). AW-Atlantic Wood, ER-Eppinger & Russell, CG-coal 
gasification sample, COAL-coal, and coal pitch and tar, AUTO-automotives, WOOD-hard 
wood burning source indicators. For channel samples, upside down triangles are located 
downriver from Atlantic Wood, circles are located between Atlantic Wood and Eppinger & 
Russell, and triangles are located upriver from Eppinger & Russell. For shoal samples, 
hexagons are main stem samples and diamonds are southern branch samples.
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Figure 3-9. Principal components plot for PCA of the source tracers (EPAH 202/202-276, 
ZPAH252/202-276, BaA/chrysene, BbF/BkF, IP/BghiP) for all sediment samples. PCI 
describes 43.7% of the variability of the data set; PC2 describes 34% of the variability. AW- 
Atlantic Wood, ER-Eppinger & Russell, CG-coal gasification sample, COAL-coal, and coal 
pitch and tar, AUTO-automotives, WOOD-hard wood burning source indicators. For 
channel samples, upside down triangles are located downriver from Atlantic Wood, circles 
are located between Atlantic Wood and Eppinger & Russell, and triangles are located upriver 
from Eppinger & Russell. For shoal samples, hexagons are main stem samples and diamonds 
are southern branch samples.
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CHAPTER 4-SOURCES OF PAHS TO SEDIMENTS OF A HIGHLY INDUSTRIALIZED 
URBAN ESTUARY: A MULTI-TECHNIQUE APPROACH
-109-
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Abstract
Sources of polycyclic aromatic hydrocarbons (PAHs) in sediments in the Elizabeth River, 
VA, a highly industrialized urban estuary were examined using multiple source identification 
techniques. Large-scale historical creosote releases from former wood-treatment facilities 
had long been considered the dominant source of PAHs to the estuary. Employing a 
combination of principal component analysis (PC A) along with identification of source- 
specific isomer ratios, contributions from two former wood-treatment facilities were 
differentiated. Additionally, a significant coal contribution was determined by also 
incorporating compound-specific carbon isotope ratio analysis (CSIA). Use of CSIA also 
successfully isolated and separated the coal signature from a coal gasification signature, 
which could not be distinguished using dnly PCA and isomer ratios. The major contributors 
to sediment contamination in the river were successfully identified, which included a former 
wood-treatment facility and historical and/or current coal transport and use, a source not 
considered in previous investigations.
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Introduction
Contamination of coastal sediments has been addressed as a significant health and 
ecological concern within the past 40 years. Earlier, contaminants were routinely discharged 
to coastal waters. The Clean Water Act placed significant restrictions were placed on point 
source dischargers on the type and amount of waste materials that could be discharged; 
however, continuous releases from historically contaminated sites, as well as current non- 
point sources continue to exacerbate the contaminated state of coastal waters. With the 
advent of advanced analytical technology (gas chromatography combined with mass 
spectrometry-GC/MS), researchers have made strides in source identification techniques. 
However, polycyclic aromatic hydrocarbons (PAHs), which are known or suspected 
carcinogens and mutagens (Denissenko et al., 1996; Menzie et al., 1992; Huggett et al.,
1992), are generated by multiple activities, rendering source identification and apportionment 
difficult. PAH sources include fuel oil or gasoline spills, natural seeps, combustion of fossil 
fuels (coal, oil, natural gas) and wood, creosote releases, and natural processes (diagenesis).
PAHs can be classified into three general categories: petrogenic-derived from slow 
maturation of organic matter under geothermal gradient conditions; pyrogenic-derived from 
incomplete combustion of recent (e.g, biomass burning) and fossil (e.g. , coal) organic matter; 
and short-term diagenetic products derived from biogenic precursors (Baumard et al., 1998a; 
Soclo et al., 2000). General trends in PAH distribution can be observed between the two 
predominant sources-petrogenic and pyrogenic. Alkylated homologues are typically present 
in higher proportions relative to their parent PAH (e.g., methylphenanthrenes (MPhen) to 
phenanthrene (Phen)) in petrogenic sources. In contrast, higher temperature combustion 
processes form PAHs through condensation reactions and/or ring fusion, limiting the
-  I l l  -
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presence of alkyl groups (Colombo et al., 1989; Page et al., 1996; McRae et al., 1996). 
Typically, values of MPhen/Phen >1 are indicative of a petrogenic source, while values <1 
indicate a pyrogenic source (Bouloubassi and Saliot, 1993). Other techniques used to 
differentiate pyrogenic and petrogenic sources of PAHs include examining the relative 
amounts of low molecular weight (LMW) to high molecular weight (HMW) compounds, 
based on the predominance of LMW PAHs in petrogenic sources and HMW compounds in 
pyrogenic sources (Lichtfouse et al., 1997 and references therein; Soclo et al., 2000). 
Additionally, source discriminant molecular indices (phenanthrene/anthracene, 
chrysene/benz(a)anthracene, fluoranthene/pyrene) have also been developed, based on 
thermodynamic considerations (Budzinski et al., 1997; Baumard et al., 1998a) and empirical 
observations (Baumard et al., 1998b; Dickhut et al., 2000; Walker and Dickhut, 2001).
Initial classification of PAH compounds into pyrogenic and petrogenic categories is 
useful as a preliminary assessment of source, but more specific source identification within 
the two categories requires the use of several techniques. These techniques include 
identification of source specific compound (e.g., Budzinski et al., 1997; Boehm et al., 1998; 
Okuda et al., 2002), isomer ratios (e.g., Colombo et al., 1989; Bouloubassi and Saliot et al., 
1993; Dickhut et al., 2000), and stable carbon isotope values of individual PAHs (e.g., 
O’Malley et al., 1994; O’Malley et al., 1996; Smirnov et al., 1998; Hammer et al., 1998; 
McRae et al., 1999; Okuda et al., 2001; Okuda et al., 2002). For example, C2- 
dibenzothiophene/C2-phenanthrene ratios were used to determine the contribution of natural 
oil seeps and crude oil from the Exxon Valdez to overall sediment contamination in Prince 
William Sound, Alaska (Page et al., 1996; Boehm et al., 1998). Likewise, investigators used 
isomer ratios to distinguish between pyrogenic PAH sources (coal, automotive and wood
- 1 1 2 -
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combustion) in the Chesapeake Bay (Dickhut et al., 2000). This method was also used to 
evaluate sediment contamination in the Elizabeth River relative to two suspected wood- 
treatment sources (Walker and Dickhut, 2001).
PAH source apportionment investigations in contaminated areas have also been 
successful using compound specific stable carbon isotope values. Initially developed for use 
in reconstructing biogeochemical processes (Hayes et al., 1989; Freeman et al., 1990), this 
technique has been expanded into source identification and monitoring for classes of 
compounds such as alkanes (O’Malley et al., 1997; Rogers and Savard, 1999; Reddy et al., 
2000) and PAHs in several media including air (Ballentine et al., 1996; Norman et al., 1999; 
Okuda et al., 2001), soil (Hammer et al., 1997; Lichtfouse et al., 1997; McRae et al., 1999;) 
and sediment (O’Malley et al., 1994; O’Malley et al., 1996; Smirnov et al., 1998; McRae et 
al., 2000; Okuda et al., 2002; Reddy et al., 2002; Stark et al., 2003). Use of compound 
specific stable isotope ratios has been demonstrated to be effective where PAHs are subjected 
to weathering or transport influences that may alter the molecular signature of the original 
PAH source (O’Malley et al., 1994; Hammer et al., 1997).
The Elizabeth River, located in the southern portion of the Chesapeake Bay estuary, 
is one of the most heavily contaminated areas of the Bay system (Chapter 1). Currently, US 
Naval and commercial shipyards, marinas, coal terminals, and petroleum storage and 
shipping terminals are located along the southern branch of the Elizabeth River. In addition 
to these activities, up to five wood-treatment facilities were historically located along the 
southern branch of the river. Previous investigations into PAH contamination in the 
Elizabeth River have indicated a strong presence of creosote, primarily from large-scale 
spills in the 1960s from one of the wood-treatment facilities (Eppinger & Russell) (Lu, 1982)
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supplemented by releases from storage tanks, groundwater contamination and releases from 
general wood-treatment activities. In 1985, Merrill and Wade analyzed suspected sources of 
contamination to the Elizabeth River, including creosote in an attempt to “fingerprint” the 
PAH distribution pattern in the sediments and track it back to a discrete source or sources. 
While they concluded that the dominant source of PAHs to the sediments was from creosote, 
they also noted that analysis of w-alkane distributions revealed a presence of weathered 
petroleum products (Merrill and Wade, 1985). Bieri et al., (1986) sampled the main stem 
and southern branch of the Elizabeth River and noted that the trend in PAH concentrations 
closely approximated that of a diffusion-advection pattern from discrete releases, again 
implicating the large-releases from the former wood-treatment facility. Modeled PAH 
distribution in Elizabeth River surface sediments using a 1998 data set indicated that while 
large releases from former wood treatment facilities did contribute significantly to PAH 
loading in sediments, these releases do not account for the entire PAH contribution (Walker 
and Dickhut, 2001; Chapter 1). Given the long industrialized history of the Elizabeth River 
and the variety of sources potentially contributing to the contaminant load, ascribing the 
totality of the PAH contamination in the estuary to wood-treatment facilities may obscure 
additional contributors to the sediment contamination. In this paper, we expand upon our 
previous efforts to identify the sources of PAHs to Elizabeth River sediments using a variety 
of techniques, namely isomer ratios and 513C values of individual PAHs.
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Analytical methods
Sample collection, extraction and isomer analysis
Surficial sediment collection and extraction is described in detail elsewhere (Walker 
and Dickhut, 2001; Chapter 1), but will be briefly summarized here. One hundred and 
nineteen (119) sediment samples were collected in 1998 and 1999 from the main stem and 
the southern branch of the Elizabeth River, VA (Figure 1). All of the 1998 samples and eight 
(8) of the 1999 samples were collected as part of a general sediment survey of the Elizabeth 
River. The remaining 1999 samples were located in suspected or potential source areas 
within the southern branch, as well as at one general coal source area in the James River, VA.
The sediment samples were extracted with acetone and dichloromethane using either 
sonication extraction (survey samples) or accelerated solvent extraction (ASE) (source 
samples). Extracts were then subjected to cleanup procedures via solid-liquid 
chromotagraphy on silica. PAHs were quantified relative to deuterated surrogate and internal 
standards using capillary gas chromatography and a mass selective detector. Recoveries of 
the PAH surrogate standards averaged 86.0 ± 8.8%, 106+ 16%, and 89.2 ± 12%, for d\o- 
anthracene, d\ 2-benz(a)anthracene, and d 12-benzo(a)pyrene, respectively.
Compound-specific stable isotope analysis (CSIA)
Sediment samples targeted for CSIA were extracted using accelerated solvent 
extraction; however, deuterated surrogate and internal standards were not added to the 
samples to avoid overwhelming the GC-IRMS system, which is designed to detect natural or 
environmental isotopic abundances. After undergoing silica cleanup, the extracts underwent 
an additional cleanup step based on the method developed by Wise et al. (1977) and
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enhanced by the Reddy lab (Reddy et al., 2002). Multiple cleanup steps are required for 
accurate and precise CSIA analysis to minimize coelution of the unresolved complex mixture 
(UCM) with targeted peaks (Mazeas and Budzinksi, 2001). Extracts were injected into a 
normal phase HPLC column (Supelco) and allowed to elute with 100% HPLC-grade hexane 
at a rate of 0.3 ml/min for the initial 18 min and a rate of 0.7 ml/min for an additional 24 min. 
Based on chromatograms observed for a suite of non-deuterated PAH standards, as well as 
the peak for naphthalene observed with each sample, two fractions were collected. The fl 
fraction, containing naphthalene and the aromatic UCM, was not used in stable isotope 
analysis. The f2 fraction, containing the remaining PAHs in the samples, but devoid of the 
aromatic UCM, was used for stable isotope analysis. Figure 2 illustrates the impact of the 
HPLC cleanup step. Note the increased resolution of the PAH peaks relative to background 
and the UCM after HPLC cleanup.
The f2 extracts were analyzed using gas chromatography/isotope ratio mass 
spectrometry. The stable carbon isotope analyses were performed on a Hewlett Packard 
6890 GC interfaced to a modified Finnigan GC Combustion III unit followed by a Finnigan 
Delta Plus isotope mass spectrometer. Compounds were separated on a J&W DB-XLB fused 
silica capillary column (30-m length; 0.25-mm diameter, 0.25 pm film thickness). Del (5) 
13C values were determined relative to a known CO2 standard (Vienna Pee Dee Belmnite 
(VPDB)) per Equation 1 and verified with a co-injected known alkane («C2o)- Values of 
m C 2 o ,-3 1 .7 4  ±0.16 %o, were very similar to the offline value o f-32.22 %o.
813C = (Rsatnpie/Rstandard - 1) x 1000 (%0, VPDB) (Equation 1)
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Each sample was injected in duplicate; samples exceeding 0.6 %o standard deviation were not 
used in the data analysis. Average sample precision was 0.24 %o. The following compounds 
were resolved consistently: fluoranthene, pyrene, benz[a]anthracene+chrysene (together), 
benzofluoranthenes (b, j, k), benzo[e]pyrene, and benzo[a]pyrene. A range of values for the 
survey samples and average values for each targeted source area are provided in Table 1.
Statistical analysis
Isomer and molecular ratios
Isomer ratios (ratios of compounds with the same number of elements within the class 
of PAHs-structural isomers) were calculated by plotting the concentration of one isomer 
relative to the other, e.g., benz[a]anthracene (B[a]A) to chrysene, using samples from each 
potential PAH source area. The slope of the line was used as the ratio of the two isomers for 
each PAH source. The ratio for one set of isomers in a potential source area was then 
evaluated relative to the same isomer pair in another suspected or potential source area using 
a two-sided Student’s t-test, 95% confidence interval, and pooled standard error.
Si3C Source ratios
1 -j
Stable isotope source ratios were determined by calculating the average 8 C values 
for each analyzed compound for samples within the source areas. The standard error for the 
grouped source values was reported.
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Principal component analysis
Principal component analysis (PCA) is a statistical method that computes a few linear 
combinations of variables that can explain the majority of the variance of a dataset (Meglen, 
1992). When employing factor analysis to examine variability within data sets, values are 
normalized to eliminate the influence or dominance of individual compound concentrations 
(Meglen 1992; Reyment and Joreskog, 1993), particularly in a system such as the Elizabeth 
River, where sediment concentrations can vary by an order of magnitude or more (Chapter 
1). Such normalization can be achieved by rendering concentrations into fractions of a total 
(Schwartz and Stalling, 1991; Wenning et al., 1992; Ashley and Baker, 1999; Dickhut et al., 
2000). The fractional values were as follows: PAHj/EPAH where i = an individual PAH and 
EPAH = Efluorene, 1-methylfluorene, phenanthrene, anthracene, 1-methylphenanthrene, 1- 
methylanthracene, 2-methylphenanthrene, 2-methylanthracene, fluoranthene, pyrene, 
benz(a)anthracene, chrysene, benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(e)pyrene, 
benzo(a)pyrene, perylene, indeno(l,2,3-cd)pyrene, and benzo(ghi)perylene. Principal 
component analysis was conducted in Minitab™ using the multivariate function and the 
correlation matrix of the data. Only principal components with eigenvalues >1.0 are 
discussed.
Results and Discussion 
Petrogenic versus pyrogenic sources
Given the abundance of potential PAH sources to the Elizabeth River, PAH 
distributions were examined initially to determine petrogenic versus pyrogenic inputs, then 
more specifically for discrete sources. Alklyated homologues relative to their parent
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compounds were examined; specifically, the ratio of 1- and 2-methylphenanthrenes to 
phenanthrene (MP/P) were calculated (Bouloubassi and Saliot, 1993; Colombo et al., 1989). 
Of the 119 samples examined, MP/P > 1 in only four samples, indicating a predominance of 
pyrogenic PAHs in Elizabeth River sediments. One of the samples with MP/P > 1 was 
collected close to shore at Atlantic Wood, a former wood treatment facility currently a 
USEPA Superfund site with known subsurface creosote contamination 
(http://www.epa.gov/reg3hwmd/super/alt-wood/menu73.htm). Surface water in this area had 
a visible oily sheen and strong odor when sediments were disturbed. Likewise, two additional 
samples in which MP/P > 1 were located in the vicinity of the former Eppinger & Russell 
wood treatment facility along the southern branch of the Elizabeth River. The high MP/P 
values observed in these samples may indicate a more recent creosote source. Unweathered 
creosote has a high level of alkylated compounds, most notably methylnaphthalenes (Mueller 
et al., 1989), but may also contain significant amounts of methylanthracenes (Mueller et al., 
1989) and methylphenanthrenes (Fowler et al., 1993).
The use of alklyated homologues relative to their parent compound is not the 
exclusive measure of petrogenic versus pyrogenic input. A ratio of low to high molecular 
weight (LMW/HMW) compounds was determined by Soclo et al. (2000) based on a 
correlation matrix of PAH compounds, with a cutoff point of one (1) between petrogenic 
(>1) and pyrogenic (<1). This ratio is the S(phenanthene, anthracene, fluoranthene, 
pyrene)/£(benz(a)anthracene, chrysene, benzo(e)pyrene, benzo(a)pyrene, 
benzo(b)fluoranthene, benzo(k)fluoranthene, perylene, indeno(123cd)pyrene, and 
benzo(ghi)perylene). When using this ratio, an additional set of samples demonstrating the 
potential influence of petrogenic sources in the Elizabeth River is observed. The majority of
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the samples with ratios >1 are located in the shoal area of the former Eppinger & Russell 
facility; one sample was collected in the channel area immediately adjacent to this area. The 
dominance of LMW compounds in samples from the former Eppinger & Russell site 
indicates two possibilities -  there may be a new petrogenic source contributing LMW 
compounds to the location or, alternatively, this region of the Elizabeth River may have a 
continuing source of LMW compounds from releases associated with the former wood- 
treatment activities. As noted above, unweathered creosote is dominated by LMW 
compounds, with both phenanthrene and anthracence potentially contributing up to 13% each 
to the total PAH content of coal tar creosote (Mueller et al., 1989).
Other techniques available to evaluate petrogenic and pyrogenic contributions, such 
as examining fluoranthene/pyrene and phenanthrene/anthracene ratios confirmed the vast 
majority of sediments in the Elizabeth River have a pyrogenic source. 
Phenanthrene/anthracene ratios <10 and fluoranthene/pyrene ratios > 1 indicate pyrogenic 
PAH sources, while the alternate is true for petrogenic sources (Budzinski et al., 1997; 
Benlahcen et al., 1997, and references therein). Based on the results of the three analyses, 
PAHs in the main stem and the southern branch of the Elizabeth River are dominated by 
pyrogenic sources, with only intermittent influences from petrogenic sources, which may be 
due to unweathered creosote rather than a petroleum source.
PCA
Samples collected from suspected PAH source areas in the southern branch of the 
Elizabeth River exhibit a wide distribution with considerable overlap in principal component 
scores (Figure 3a). PCI scores for southern branch source regions vary from -6  to 12 with
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samples from the former Eppinger & Russell wood treatment facility tending to be positive 
(PCI >1), whereas those collected in the vicinity of Atlantic Wood tended to be negative 
(PCI < 1). Samples collected in the vicinity of two other potential PAH sources in the 
southern branch (VA Power plant and a petroleum storage area) exhibited much narrower 
distributions in PC scores, but fell within the distributions found for the former wood 
treatment facilities. In general, PC2 scores for potential PAH sources in the southern branch 
were > -2; the only samples for which PC2 < -2 were collected from Dominion Coal 
Terminals outside of the Elizabeth River. This general coal source indicator also had PCI 
values > -1.
Using PCA score plots, PAH sources to sediments of the southern branch of the 
Elizabeth River can be distinguished from those in the main stem of the river (Figure 3b). 
PCI and PC2 account for 41.3% and 13.7% of the variability in the data, respectively, while 
a third significant component (PC3) accounts for 12.4% of the variability in the data (Figure 
4). PCI distinguishes low molecular and high molecular weight compounds, while PC3 is 
influenced by a separation of mid-weight molecular weight compounds (fluoranthene, 
pyrene, BaA, chrysene) from both light and heavy molecular weight compounds. Perylene 
and anthracene are strong factors in PC2.
The non-source specific samples were generally separated in the principal component 
score plots, into southern branch and the main stem (Figure 3b). As with the southern branch 
source samples, all of the sediment samples collected in the southern branch had PC2 > -2, 
and also had PCI values well within the range of those found for the southern branch source 
samples. This indicates that the sources considered are sufficient to account for the observed 
PAH contamination in southern branch sediments. In contrast, PCI > 1 and PC2 < 0 were
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observed for the majority of the main stem sediment samples reflecting the general coal 
source indicator (Dominion Coal). This latter observation indicates that main stem Elizabeth 
River sediments are not greatly influenced by the creosote contamination found in the 
southern branch of the river.
Upon closer inspection of the large variability in the PCA plots for samples collected 
from the vicinity of the former Eppinger & Russell facility, the samples collected from this 
area appear to fall into two groups. The first grouping, ER1, dominates the central axis of the 
PCA plot (Figure 3a), in close proximity to the Atlantic Wood grouping, the coal gasification 
sample, and the Virginia Power samples (ER1 PCI mean=-0.183 ± 0.23; PC2 mean=-0.539 ± 
0.23). ER1 samples are located in the southern section of the embayment near the Eppinger 
& Russell site. The second Eppinger & Russell region, ER2, dominates the upper right 
quadrant of the PCA score plot (Figure 3a) and consists of samples located in the northern 
section of the embayment near the Eppinger & Russell site (ER2 PCI mean=5.16 + 1.5; PC2 
mean=2.37 ± 0.83). These two areas differed significantly (95%CI) in the amounts of 
fluoranthene and pyrene relative to heavier compounds (B(b)F/B(k)F, B(e)P/B(a)P, 
perylene). However, the two areas demonstrated little other variation (i.e., had similar 
isomer ratios), indicating that the overall source of PAHs to the Eppinger & Russell area is 
likely the same, but that there may be localized influence of a second creosote source in this 
region of the river. Indeed, prior to World War II, the Eppinger & Russell facility, which 
used mainly imported creosote, was operated by Norfolk Wood, which used domestic 
creosote (Lu, 1982). Therefore, it likely that sediments in the vicinity were contaminated by 
more than one creosote source.
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Isomer ratios
The use of isomer ratios has been successful in previous investigations in 
differentiating between specific PAH sources, within the general classes of pyrogenic and 
petrogenic source types (e.g., Dickhut et al., 2000). In the Elizabeth River, this technique has 
proved useful in differentiating PAH source contributions between the two former wood 
treatment facilities (Walker and Dickhut, 2001). Similarly, isomer ratios for 
fluoranthene/pyrene and B[a]A/chrysene confirm the influence of a coal source and creosote 
from the former Atlantic Wood facility to PAH contamination of Elizabeth River sediments 
(Figure 5). As with the earlier investigation (Walker and Dickhut, 2001), the southern 
branch samples demonstrate significant variability, however, the former Eppinger & Russell 
site appears to contribute minimally to overall sediment contamination, despite extremely 
high ZPAH levels in this region (Chapter 1). While the main stem samples form a coherent 
cluster with the coal source samples, use of isomer ratios alone does not effectively eliminate 
the possible contribution of the coal gasification source to sediments in the main stem. The 
proximity of the coal source signature to that of the coal gasification sample indicates that 
while coal is the most probable contributor to PAH contamination of main stem Elizabeth 
River sediments, coal gasification may also be a factor. Thus, additional source separation 
techniques, such as CSIA, are required.
CSIA
A subset of sediment samples predominantly from the southern branch of the 
Elizabeth River, as well as potential source areas was examined using CSIA (Table 1). 
Average values for the survey samples as well the source areas are reported in Table 1;
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values for each individual samples, as well as their location, if collected in a source area, are 
reported in Appendix C. The high degree of precision obtained during the analysis of the 
samples as well as the accuracy observed for the co-injected nCio alkane provide a high level 
of confidence in the reported data.
1
The 5 C values obtained for specific PAHs in the source samples from the Elizabeth 
River were similar with one exception (Figure 6). 813C values for the sample collected in the 
vicinity of a former coal gasification plant in the main stem of the Elizabeth River were 
significantly different (95% Cl) from those for the other PAH sources (Table 1). The 813C 
values for the coal gasification samples were more similar to values obtained for PAHs 
generated from gasification processes (McRae et al., 1999). High temperature processing at 
coal gasification plants likely generates a lighter or more depleted signal due to formation by 
ring condensation and the resultant kinetic isotope effect (McRae et al., 1999).
1 -j
The 8 C for fluoranthene and pyrene in samples obtained from the areas of the
former wood treatment facilities are similar, although significantly different (95% Cl) from
those obtained for groundwater contaminated with creosote from two former wood-treatment
facilities in Florida (Hammer et al., 1998). In the previous study, the investigators speculated 
11that a suite of 8 C values may be conserved across PAHs derived from creosote. However, 
the differences in S13C values for this study compared to the data of Hammer et al. (1998) is 
not consistent with conservation across different media. The inconsistent 513C values for 
creosote between these two investigations may also be attributed to the lack of standardized 
methods for compound-specific 513C analysis. Alternatively, Elizabeth River sediments in
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the vicinity of the former wood treatment plants may be a mixture of different PAH sources 
albeit dominated by creosote.
Inspection of Figure 5 indicates that sediments from the main stem of the Elizabeth 
River are contaminated with PAHs from predominantly coal sources, or an approximately 
50/50 mixture of PAH contamination from Atlantic Wood creosote and the coal gasification 
source. Using the 513C values for the Atlantic Wood (AW) and coal gasification (CG) 
sources (Table 1), the S13C signature of sediments containing a 50/50 mixture of PAHs from 
these sources can be calculated. Using non-linear mixing equation adapted from Bidleman 
and Falconer (1999) per Walker and Dickhut (2001), the 813C of the theoretical 50/50 
mixture was calculated using the B[b]F values for coal gasification and Atlantic Wood and 
associated standard errors (Table 1). The non-linear mixing equation is as follows:
Fa = ((Rm-Rb)(Ra+ l))/((R a-Rb)(Rm+l)) (Equation 2)
where Fa is the fraction of the total compound originating from one of the two identified 
sources. In this case, the subscripts a and b, refer to Atlantic Wood and coal gasification, 
respectively. Also, Rm is the isomer ratio, or molecular weight fraction of a mixture of 
compounds derived from sources a and b, and Ra and Rb are the 813C values from each 
individual source. The theoretical mixture was also calculated using a standard isotopic mass 
balance equation, as follows:
d Cobserved = (513Ca)(%a) + (813Cb)(%b) (Equation 3)
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where 8 13C0bserved is the theoretical 50/50 mixture; 6 13C A is the 513C value of source A; %A is 
the percent contributed from source A; 5 13Cb is the <513C value of source B; and %b is the 
percent contributed from source B. Use of non-linear mixing equation, appropriate for 
values derived from ratios, or the isotopic mass balance equation yielded equivalent results 
(theoretical 50/50 mixture from isotopic mass balance equation =-25.10 ±  0.03 %o). Based 
on these calculations, the coal gasification source does not appear to contribute to PAH 
loading in the survey samples. Theoretical 8 13C signatures of sediments containing a 50/50 
mixture of PAHs from AW and CG were significantly (95%  Cl) more depleted than 
observed. For example, the most depleted survey sample of the group clustering with the 
coal signature identified in Figure 5 (513C= -22.74 %o) was still significantly more enriched 
in 13C (95%  Cl) than the theoretical 50/50 mixture (S13C= -25 .11±0.3 %o). While only two
1 "5samples were analyzed for 5 C values for individual PAHs from the main stem, these two 
samples were collected in the channel in close proximity to the coal gasification shoal 
sample. The consistent and enriched 813C values of these two samples (-22.65 %o and -22.74 
%o) relative to the coal gasification signal confirm the contribution of coal to this region. 
Unlike the sole use of isomer ratios, the incorporation of CSIA clearly allows for the 
separation of two similar source signatures (coal and coal gasification), indicating that 
current and historical coal use and transport is a more likely contributor to PAH 
concentrations in sediments than the former coal gasification plant, despite the higher SPAH 
concentration in sediment adjacent to the former plant.
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Conclusions
Given the large number of potential sources of PAHs to the sediments of this highly 
industrialized urban estuary, multiple techniques are helpful and often necessary to identify 
specific sources of these contaminants. By applying both general (e.g., MP/P and 
LMW/HMW) and source specific (isomer ratios and CSIA) techniques, identification of 
dominant PAH sources is possible for a waterway with an extensive contaminant history 
such as the Elizabeth River. As indicated in previous investigations (Merrill and Wade, 
1985), pyrogenic sources dominate the input of PAHs to the Elizabeth River sediments. 
Several of the samples identified by the petrogenic/pyrogenic differentiation techniques were 
geographically disperse, however, the majority of the samples identified as petrogenic were 
located in areas adjacent to former wood-treatment facilities. The possibility of a “true” 
petrogenic source cannot be ruled out, particularly at the former Eppinger & Russell location, 
which currently houses petroleum storage tanks. However, unweathered creosote, which 
may also meet the petrogenic criteria, is a more likely possibility given the history of releases 
and the high level of contamination in this area of the Elizabeth River.
The predominant sources of PAHs to the Elizabeth River appear to be from a former
wood-treatment facility and coal use (either historical or current). As no large-scale spill or
release was documented from Atlantic Wood, the contributions from this site are likely due
to the cumulative effect of small spills or leaking storage or treatment facilities overland or
leaching into the groundwater, and eventually the river itself. A separate phase (now-aqueous
phase liquid) was observed during sediment sample collection in this area. Despite the large
variability in the Eppinger & Russell samples and overlap with southern branch survey
samples observed from the PCA plots, the use of isomer ratios and CSIA values indicate that
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this site does not contribute significantly to sediment PAH levels in the southern branch.
The clear contribution of a coal signature in the sediment indicates that the wood-treatment 
facilities are not the sole sources of PAHs. However, the coal signal is predominant in the 
main stem samples, which contain PAH concentrations below levels of concern (Chapter 1). 
Thus, while a coal source is distinct and present, such a source does not equate to elevated 
PAH concentrations in this system.
The use of multiple techniques allowed for the identification of previously unknown 
or unsuspected sources of PAHs (e.g., coal) to the sediment of the southern branch and main 
stem of the Elizabeth River. Given the large-scale releases from the Eppinger & Russell 
former wood-treatment facility (Lu, 1982), creosote had been assumed to be the primary 
contributor, likely derived from this former facility. However, a coal signature was identified 
as contributing to sediment contaminant levels. While the Elizabeth River use history would 
support the presence of coal in sediments, previous investigations had not identified coal as a 
PAH contributor due to the more apparent releases from the former wood-treatment facilities.
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Table 4-1. Source-specific CSIA values (mean and S.E. (in parantheses) %o). NQ=not 
quantifiable. Samples in gray exceeded acceptable quantification limits and were not used 
data analysis.
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Figure 4-1. Location of study site and sediment samples in Chesapeake Bay system (insert A). 
Marked squares indicate Atlantic Wood samples; filled squares indicate Eppinger & Russell 
samples; marked upright triangles indicate Virginia Power samples; filled upright triangles 
indicate Dominion Coal Terminal samples (located in James River-insert B); hexagons indicate 
an area of petroleum storage and transport. Marked circles indicate non-source specific southern 
branch samples; filled circles are non-source specific main stem samples.
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Figures 4-2. A. Chromatogram of Elizabeth River sediment sample prior to HPLC cleanup. B. 
Chromatogram of the same sample after HPLC cleanup. Gas chromatograms were obtained 
from analysis of samples through gas chromatography-flame ionization detection (GC-FID).
-139 -
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1.0E+08
).0E+05
i.OE+05
7.0E+05
I.0E+05
1  5.0E+05
4.0E+05
3.0E+05
2.0E+05
1.0E+05
35 45 500 20 25 30 405 10 15
Time
5.0E+05
4.5E+05
4.0E+05
3.5E+05
3.0E+05
2.5E+05
2.0E+05
1.5E+05
1.0E+05
O.QE+OO
35 45 500 20 25 30 40
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 4-3. Principal component score plots.
A. All targeted sources. Marked squares indicate Atlantic Wood samples; filled squares 
indicate Eppinger & Russell samples; marked upright triangles indicate Virginia Power 
samples; filled upright triangles indicate Dominion Coal Terminal samples; diamonds 
indicate an area of petroleum storage and transport. CG=coal gasification.
B. All now-source specific sediment samples collected in 1998 and 1999. Marked circles 
indicate southern branch samples; filled circles are main stem samples.
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Figure 4-4. Principal component loadings plot for principal components 1-3.
- 1 4 3 -
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
BghiP - 
IP 
Pery 
BaP 
BeP 
BkF 
BbF - 
Chry - 
BaA - 
Pyr - 
Fla - 
1-MP
1-MA -
2-MA - 
2-MP - 
Anth - 
Phen - 
1-MF -
Fie -
- 0.6 -0.4
PC1
PC2
PC3
- 0.2 0.0 0.2 0.4 0.6
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 4-5. PAH isomer ratio plots for Elizabeth River sediment samples. Circles are 
samples located in the main stem; inverted triangles are samples located downstream of 
Atlantic Wood; squares are samples located between Atlantic Wood and Eppinger & Russell; 
and upright triangles are located upstream of Eppinger & Russell. CG=coal gasification. 
Dotted lines represent mixing curves between source areas.
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Figure 4-6. 813C values for individual PAHs for PAH sources from literature and from
Elizabeth River samples.
aHammer et al., 1998. bMcRae et al., 1999.
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CHAPTER 5-SEDIMENT-PORE WATER PARTITIONING IN A HIGHLY 
INDUSTRIALIZED URBAN ESTUARY
-149-
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Abstract
The partitioning of polycyclic aromatic hydrocarbons (PAHs) between porewaters and 
surficial sediments was examined in the Elizabeth River, VA, a highly industrialized urban 
estuary, with elevated concentrations and multiple sources of PAHs. Based on the results of 
linear regression analyses, surface sediment samples from the Elizabeth River and the James 
River in the vicinity of Dominion Coal Terminals were categorized into two groups: those 
exhibiting two-phase equilibrium partitioning, dominated by organic carbon (8%), soot 
carbon (47%) or multiple phases, such as creosote, coal, soot, and other organic matter 
(29%); and those indicating three-phase equilibrium, with the potential influence of dissolved 
organic carbon (16%). Of those exhibiting two-phase equilibrium partitioning, the majority 
of the samples demonstrated a higher affinity for organic matter than for n-octanol. PAH 
partitioning to soot carbon was dominant in samples located adjacent to a coal-fired power 
plant in which the relative abundance of soot carbon ranged 22-64% of the total organic 
carbon in the sediments. PAH partitioning to creosote was indicated in samples located 
adjacent to two former wood-treatment facilities, as evidenced by observed PAH partition 
coefficients that exceeded values predicted by combined organic carbon and soot carbon 
partitioning models. PAH partition coefficients were predicted, on average, to within a factor 
of four using combined organic/soot carbon partitioning models. However, partitioning to 
creosote and coal, the two primary sources of PAHs to Elizabeth River sediments, must also 
be considered to accurately estimate PAH partition coefficients. Overall, few sediment 
samples exhibited a potential influence of PAH partitioning to dissolved organic carbon 
(DOC). While DOC alone failed to accurately predict observed partition coefficients, 
incorporation of soot carbon into the DOC model improved model fits for the majority of the
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samples by up to a factor of 10 or more.
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Introduction
Sediment quality criteria (SQC) set by the USEPA are based on the assumption that 
equilibrium partitioning of organic contaminants between sediments, porewater, and biota 
exists and is governed by the amount of organic carbon in the sediments and the lipid content 
of resident organisms (DiToro et al., 1991). Thus, it is expected that concentrations of 
contaminants in pore waters, and hence the bioavailability of those contaminants, can be 
estimated from sediment organic contaminant and organic carbon concentrations using EqP 
theory, regardless of the route of exposure of the organisms to the contaminants. Hence, 
EqP theory is ideal for the development of SQC that are non-site specific (DiToro et al., 
1991).
While EqP theory can often be used to predict organic contaminant concentrations 
within a factor of two for a range of sediments, substantial deviations from predicted values 
have been documented (McGroddy et al., 1996; Paine et al., 1996; Mitra et al., 1999). One 
factor that may produce lower than expected partition coefficients is the presence of a third 
phase, colloidal organic matter or dissolved organic carbon (DOC), to which contaminants 
partition. Researchers typically do not operationally differentiate between colloidally 
(DOC)-bound and truly dissolved organic contaminants, thus, organic contaminant porewater 
concentrations that contain both phases may produce an apparent partition coefficient that is 
lower than predicted (Chin and Gschwend, 1992). This third phase has been examined in 
both field and laboratory conditions (McCarthy and Jimenez, 1985; Eadie at al., 1990; Chin 
and Gschwend, 1992; McGroddy and Farrington, 1995; Mitra and Dickhut, 1999) and its 
influence on organic contaminant partition coefficients has been found to be most notable on 
high molecular weight compounds with increased hydrophobicity (where the log of the
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octanol-water partition coefficient (log KoW) > 6) (DiToro et al., 1991; Eadie et al., 1990; 
Mitra, 1999).
Another factor contributing to deviations from predicted EqP for organic 
contaminants in sediment is limited desorption or release from sediments or soils leading to 
higher than predicted organic carbon normalized partition coefficients (KqC values). The type 
and age of organic matter in conjunction with mechanistic processes may limit release of 
organic contaminants from soils and sediments (Luthy et al., 1997). For example, sorption 
experiments conducted on sorbents with different origins, such as unweathered shale, 
weathered shale, and soil, yielded log KoC values ranging over 1.5 log units (Gratwohl, 1990). 
Investigations into no«-aqueous phase liquids (NAPLs), such as coal tar, observed the 
development of viscous interfacial films that could also retard desorption or release of 
organic contaminants from particles (Luthy et al., 1993; Nelson et al., 1996). Intraparticle 
diffusion is also considered a factor in the slow release of organic contaminants (Luthy et al., 
1997). Additionally, highly condensed carbonaceous residue from incomplete combustion 
processes, commonly referred to as soot carbon, is a matrix considered to restrict desorption 
of organic contaminants from soils and sediments (e.g., McGroddy and Farrington, 1995; 
McGroddy et al., 1996; Gustafsson et al., 1997; Naes et al., 1998). Recently, researchers 
have been able to account for observed deviations in log KoC by incorporating soot carbon 
into the EqP model and determining soot carbon-water partition coefficients either by proxy 
(activated carbon) (Gustafsson et al., 1997) or observation (soot carbon isolated from coastal 
sediments) (Accardi-Dey and Gschwend, 2002).
Observed deviations from predicted EqP behavior for organic contaminants are most 
notable for polycyclic aromatic hydrocarbons (PAHs), which enter the environment through
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a variety of human activities including the combustion of fossil fuels, industrial processes 
such as coke production and smelting, urban runoff, biomass burning, waste incineration, and 
creosote and oil spills. Thus, PAHs may be incorporated into coal, coke, or soot particles 
from point sources or fossil fuel combustion sources and may be kinetically or sterically 
limited from disassociating with sediment (McGroddy et al., 1996; McGroddy and 
Farrington, 1995; Gustaffson et al., 1997). Such PAHs may not be bioavailable regardless of 
the route of exposure of contaminants to the organisms, either ingestion of sediment material 
(e.g., Mayer et al., 2001) or absorption of dissolved-phase contaminants (e.g, DiToro et al., 
1991). Indeed, in cases where lower than expected biological effects based on sediment PAH 
concentrations were observed, association of much of the PAH with coal or soot residues was 
cited as the likely cause indicating reduced bioavailability of PAHs (Rnutzen, 1995;
Chapman et al., 1996; Paine et al., 1996). Likewise, investigations have observed reduced 
bioavailability for PAHs of pyrogenic origin, whereas petrogenically formed PAHs 
demonstrated greater bioaccumulation in mussels (Baumard et al., 1998).
Here we examined the partitioning of PAHs between porewaters and surficial 
sediments of a highly industrialized urban estuary, the Elizabeth River, VA, with elevated 
Concentrations and multiple sources of PAHs including coal and creosote (Chapters 1-3). 
Sediments in the Elizabeth River contain PAH levels that are likely to adversely effect 
aquatic organisms (Chapter 1). As a result, deviations from predicted equilibrium 
partitioning of PAHs in sediments must be accurately assessed in order to properly apply 
SQC.
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Methods
Sample collection, extraction, and quantification
Sediment collection, extraction, quantification and quality assurance/quality control 
have been discussed at length previously (Chapters 1 and 2). Briefly, sediment samples from 
the Elizabeth River and the James River adjacent to Dominion Coal Terminal were collected 
using a Smith-Maclntyre surface grab sampler and the top 2 cm of sediment were removed 
using a solvent rinsed metal spatula. Sediments were placed in pre-cleaned, ashed (4 hrs @ 
400°C) glass jars, with ashed aluminum foil lined lids, and kept at collection temperature 
until separation of porewaters. Within 24 hours of collection, the samples were centrifuged 
at 1500 revolutions per minute (RPM) for 25 minutes to remove sediment porewater. After 
centrifugation, the separated porewater was removed from the sample via pre-cleaned 10 mL 
borosilicate pipette and vacuum filtered through an ashed (4 hours @450°C) 47mm diameter 
glass fiber filter (GFF -  Gelman Type A/E, nominal pore size 1pm) into pre-cleaned and 
ashed (4 hours @550°C) centrifuge tubes to remove any remaining suspended particulates.
A deuterated surrogate standard mixture was then added to each sample; hexane was also 
added to each sample to prevent evaporation of surrogate and sample PAHs. Centrifuge 
tubes were covered with ashed aluminum foil, capped, and refrigerated at 4°C until sample 
extraction. Laboratory blanks were collected during porewater sample filtration to determine 
the potential contribution of laboratory contamination to PAH porewater concentrations. A 
blank was collected by filtering deionized water through the filtration apparatus both prior to 
field sample filtration and after every tenth sample.
For porewater sample extraction, approximately 10% (by volume) hexane was 
vortexed with the sample on a vortex mixer for 2 min. The speed of vortexing varied due to
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the volume of the sample, however, a complete mixing of the sample for 2 min. was 
maintained for all sample extractions. If sample volume precluded complete mixing of the 
sample using the vortex mixer, the sample was shaken by hand for 2 minutes. After sample 
mixing, the sample was allowed to stand for 5 min and any emulsion formed was removed by 
addition of pre-cleaned and ashed Na2S0 4 . The supernatant (hexane layer) was removed and 
the extraction steps were repeated two more times. The total extract was then reduced in 
volume under a gentle N2 gas stream and cleaned up and analyzed in an identical manner as 
the sediment extracts (Walker and Dickhut, 2001).
Dissolved organic carbon
Approximately 5-8 mL of porewater sample for DOC analysis was collected after 
vacuum filtration. The samples were placed in pre-cleaned and ashed scintillation vials, 
covered with ashed aluminum foil, capped, and frozen at -40°C until analysis. On the day 
prior to analysis, DOC samples were removed from the freezer and allowed to thaw at 
refrigerator temperature. Once thawed, samples were diluted by 1:20 for accurate analysis 
by the Shimadzu TOC 5000, due to the high organic content of the samples. Using pre­
cleaned and ashed tubes, 3.8 mL of deionized (DI) water was added along with 0.2 mL of 
thawed porewater sample. Samples were then acidified with 10% HC1 to remove inorganic 
carbon, covered with ashed aluminum foil, and capped. DOC concentrations were quantified 
using a standard calibration curve with a glucose standard.
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Particulate organic carbon and nitrogen
Particulate organic carbon and nitrogen were quantified using a CHNS-0 elemental 
analyzer (Fison, EA 1108, Beverly, MA). A dried sub-sample of sediment used to determine 
water content was homogenized in a mortar and pestle. Approximately 20-40 mg of 
homogenized sample were placed into ashed silver cups and weighed. Each sample was 
acidified with 1-4 drops of 10% HC1 and allowed to dry overnight in a 60 °C oven to remove 
inorganic carbon. The samples were then placed in the elemental analyzer and flash heated 
to 1050°C to convert the organic matter into CO2, NOx, and H2O. The total organic carbon 
(TOC) thus determined includes both organic and soot carbon, therefore, organic carbon 
(OC) values used in data analysis were obtained by subtracting the soot carbon weight (see 
below) from the overall TOC weight (Accardi-Dey and Gschwend, 2002).
Soot carbon, defined as the residual carbon after combusting sediment at 375°C for 
24 hours and acidification with 10% HC1 (Gustafsson et al., 1997), was determined following 
the method described above for organic carbon. Approximately 100-500 mg of sediment 
were placed in an aluminum-weighing pan, not to exceed 1 mm thickness, and combusted in 
the presence of excess oxygen. Soot carbon contributed between 1.3 and 64% to the overall 
TOC in Elizabeth River sediments
Specific surface area
A sediment sub-sample was freeze-dried prior to specific surface area (SSA) analysis. 
For standard SSA analysis, the sample was heated at 105°C under N2 gas for between 12 and 
18 hours to remove residual water. SSA was determined by measuring N2 gas adsorption at 
liquid nitrogen temperatures using a Micromeretics (Norcross GA) Gemini 2375 surface area
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analyzer; typically 6-11 measurements were made over the range of partial pressures, P/Po » 
0.02 -  0.30. SSA was calculated from the nitrogen adsorption data using the Brunnnauer, 
Emmmett, and Teller (BET) equation (Gregg and Singh, 1982). Organic-free specific 
surface area was determined on sediments combusted per the soot carbon isolation 
procedure, following the SSA anaylsis described herein. For determination of the enthalpy 
of nitrogen gas adsorption, samples were subjected to ~180 min evacuation on the SSA 
instrument prior to collection of nitrogen gas adsorption data. The linear range for the BET 
equation was determined from plots of the residuals, and the resultant “c parameters” used to 
calculated enthalpies (Mayer, 1999). The enthalpy values, combined with organic carbon 
analyses, were then used to estimate organic matter coverage of the sediment mineral matrix 
(Mayer, 1999; Bock and Mayer, 2000).
Quality Assurance
Porewater PAH samples were corrected for laboratory blank contamination. The 
average blank PAH concentrations for each compound was calculated using values from 
blanks collected prior to and after the samples were filtered. The average blank 
concentration plus three times the standard error of the average were subtracted from the 
sample concentration for each PAH.
Twenty-five individual PAHs were detected in each of the sediment and porewater 
samples. Recoveries of the PAH surrogate standards for porewater samples averaged 64.4 ± 
12%, 83.7± 14%, and 83.7 ± 17%, for Jio-anthracene, c?i2-benz(a)anthracene, and dn- 
benzo(a)pyrene, respectively. As discussed previously, correction factors were applied to 
samples where PAH concentrations were > 10X surrogate concentrations (Walker and
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Dickhut, 2001). Thus, correction factors were applied to seven of the 183 porewater samples 
(including blanks and replicates) in which PAH concentrations exceeded surrogate 
concentrations by more than a factor of ten. Recoveries and correction factors for sediment 
have been reported previously (Chapter 2).
Equilibrium partitioning models
Where applicable, the partition coefficient data were compared to values generated by 
equilibrium partitioning models that incorporate soot carbon. The first model, developed by 
Gustafsson et al., (1999) (Table 1, equation 4) attempted to account for deviations in 
observed log KoC values by incorporating partitioning to soot carbon. Activated carbon-water 
partition coefficients (log Kac) were used as a proxy for soot carbon-water partition 
coefficients (Ksc) for a subset of compounds (fluorene, phenanthrene, anthracene, 
fluoranthene, pyrene, benz(a)anthracene, chrysene, benzo(k)fluoranthene, benzo(a)pyrene, 
and benzo(ghi)perylene) per Gustafsson et al. (1997). These partition coefficients were 
obtained from both measured and predicted values (Walters and Luthy, 1984; Luehrs et al., 
1996). In a recent investigation by Bucheli and Gustafsson (2000), soot carbon-water 
partition coefficients using activated carbon and National Institute for Standards and Testing 
(NIST) Standard Reference Material (SRM) 1650 diesel soot were compared for 
phenanthrene and pyrene. The log Ksc using activated carbon was observed to exceed those 
using diesel soot by factors ranging from 8-25. The investigators noted that the difference 
between the two materials could be attributed to the higher specific surface area for activated 
carbon. Bearing this in mind, log Ksc values using activated carbon were employed here 
given their greater availability and use in previous investigations (Gustafsson et al., 1997).
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Additionally, investigators have observed that these values approximate experimentally 
derived Ksc values (Accardi-Dey and Gschwend, 2002).
The second model, developed by Accardi-Dey and Gschwend (2002) expanded upon 
the first model by incorporating a soot carbon term into the partitioning equation that also 
assumes a nonlinear adsorptive mechanism for soot carbon (Table 1, equation 5) in addition 
to a linear absorptive mechanism for organic carbon. Soot-carbon-water partition 
coefficients for this model were obtained from Accardi-Dey and Gschwend (2003) for a 
subset of compounds (fluorene, phenanthrene, anthracene, 1-methylphenanthrene, 
fluoranthene, pyrene, benz[a]anthracene, chrysene, benzo[b]fluoranthene, 
benzo[k]fluoranthene, benzo[e]pyrene, and benzo[a]pyrene); the model used here employed 
a Freundlich exponent of n=0.6, given the improved fit for lower n values observed in their 
study. In both models, an upper and lower limit was calculated using the upper and lower 
Kqc values derived from Seth et al. (1999).
Lastly, using the model generated by Mitra and Dickhut (1999) (Table 1, equation 3), 
the influence of DOC on KoC was investigated for some samples. The DOC-water partition 
coefficients (Kd0C) used in this model were obtained from Burkhard (2000). The equation, 
derived from an analysis of a suite of literature sediment porewater KdOC values plotted 
relative to Kow, is as follows:
log Kdoc = 0.99 (± 0.04) log Kow - 0.88 (± 0.23) (Equation 1)
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Results and Discussion
PAH concentrations and distribution coefficients
Sediment concentrations in the channel and shoal areas of the main stem and southern 
branch of the Elizabeth River ranged from 0.04 pg/gdw to 2500 pg/gdw, with an associated 
range in potential toxic effects (Chapter 1). Measured porewater concentrations ranged from 
0.003 ng/ml to 243 ng/ml (Appendix D). The highest porewater concentrations were 
associated with shoal areas in the vicinity of former wood treatment facilities. A prerequisite 
for application of equilibrium partitioning theory and its assumption of infinite dilution is 
that aqueous concentrations of organic contaminants do not exceed one-half their water 
solubility (Karickhoff, 1984). Only one of the measured porewater concentrations did not 
meet this requirement (P41). This sample had the highest EPAH concentrations (-2500 
pg/gdw) and was located in the vicinity of a former wood-treatment facility. For all of the 
remaining samples, pyrene was the closest to its solubility, but still was over two orders of 
magnitude less than its measured subcooled liquid solubility at 25°C (Miller et al., 1985).
Observed distribution coefficients, normalized to sediment total organic carbon (Ktoc), 
were calculated for each PAH in the Elizabeth and James River surface sediment samples 
(n>100). These values were then compared to log Ktoc values calculated from upper and 
lower limits determined by Seth et al. (1999):
Upper limit: log Ktoc = 1.08 log KoW -  0.41 (1)
Lower limit: log Ktoc = 0.99 log Kow -  0.81 (2)
with log Kow values derived from Miller et al (1985), Sangster (1988), Ruepert et al. (1985), 
and Yalkowsky and Valvani (1979). The slopes (»1) and intercepts (<0) for these equations 
are indicative of similar equilibrium partitioning of PAHs between sediment organic
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matter/water and n-octanol/water, with an overall lower affinity of PAHs for sedimentary 
organic matter compared to n-octanol (Schwarzenbach et al., 1993).
Observed organic-carbon normalized distribution coefficients (log Ktoc) for specific 
PAHs were highly variable, ranging over four orders of magnitude (Figure 1). The majority 
of log Koc values for PAHs with log Kow < 6 exceeded the upper limit determined by Seth et 
al (1999), whereas those for PAHs with log KoW > 6 were distributed above, below, and 
within the predicted range. The very high (up to 4 orders of magnitude higher than the 
predicted upper limit) log Ktoc values for some PAHs are indicative of strong sorption to 
sediments. However, the numerous log Ktoc values below the calculated upper and lower 
limit for PAHs with log KqW > 6 are indicative of PAH partitioning to DOC. Consequently, 
both strong sorbent phases and DOC appear to influence the equilibrium partitioning of 
PAHs in Elizabeth River sediments.
In order to quantitatively evaluate and model equilibrium partitioning of PAHs in 
Elizabeth River sediments, linear regression analysis of log Ktoc - log KqW plots was 
conducted on each sediment-pore water sample pair with data for PAHs with log Kow <5 and 
>6 (n = 90). Significant regressions (r2=0.29-0.90; p > 0.05) were found for many of the 
samples (n = 34) indicating two-phase equilibrium partitioning of PAHs between sediment 
organic matter (including soot carbon) and pore water with little or no influence of DOC in 
37% of the sediment samples. For those samples without a significant regression for the 
suite of PAHs, regression analysis was conducted for the PAHs with log KoW <6. In this 
case, significant regressions were found for only 16% of the samples (r2=0.40-0.99; n = 14) 
indicative of a strong influence of DOC on the equilibrium partitioning of high molecular 
weight (log Kow > 6) PAHs. Dissolved organic carbon was previously observed to influence
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partitioning behavior of PAHs with log Kow>6 in two sediments cores from the Elizabeth 
River (Mitra and Dickhut, 1999). However, the majority of the samples analyzed (47%) 
failed to demonstrate significant regressions for either the entire suite of PAHs or for PAHs 
with log Kow <6 (n = 42). Nonetheless, lack of significant regressions for log Ktoc - log K<,w 
plots does not demonstrate nonequilibrium partitioning of PAHs between sediments and pore 
water, but rather, may be indicative of equilibrium partitioning of PAHs between pore water 
and a strong sorbent such as soot, as described below.
Sediment-Pore Water Partitioning o f PAHs
Two-phase equilibrium partitioning
Of the 34 sediment samples with significant slopes for log K toc - log KqW plots, only 7 
(8% of total) had slopes that were not significantly different than 1 (p > 0.05). Slopes of 1 
for log Ktoc - log Kow regressions indicate that increases in the partial molar excess free 
energies and activity coefficients of PAHs with molecular weight are similar in sediment 
organic carbon and n-octanol (Schwarzenbach et al., 1993). However, although the slopes of 
these regressions match those observed previously for PAHs in soils and sediments 
(Karickhoff, 1981; Seth et al., 1999), the log K toc values fall above those previously observed 
by up to two orders of magnitude (Figure 2a). This indicates a stronger affinity of PAHs for 
the sediment organic matter in these samples than for n-octanol. Interestingly, all of the 
samples for which slopes for log Ktoc - log KqW plots «1 were collected in the vicinity of 
former wood treatment facilities in the southern branch of the Elizabeth River, an area of 
very high sediment PAH loads (-13-1700 pg/gdw, Chapter 1). These samples were used as a 
source signature for creosote contamination of the estuary (Chapters 2-3). Consequently,
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two-phase equilibrium partitioning appears to adequately describe the distribution of PAHs 
between creosote-laden sediments and pore water albeit with a higher affinity of PAHs for 
sediment associated organic matter than for n-octanol.
Of the remaining sediment samples with significant slopes for log Ktoc - log Kow plots 
(n = 27,29%) all had slopes that were significantly <1 (p < 0.05). Slopes of <1 for log Ktoc - 
log Kow regressions indicate that higher molecular weight PAHs are less compatible with 
sediment organic carbon compared to w-octanol than lower molecular weight PAHs 
(Schwarzenbach et al., 1993), but are also indicative of sorption to heterogeneous mixtures of 
soot in coastal sediments (Accardi-Dey and Gschwend, 2003). Many of these sediment 
samples (n = 10) were also collected in the vicinity of former wood treatment facilities in the 
Elizabeth River, but one was collected from the vicinity of Dominion Coal Terminal in the 
James River, VA. As noted above, log Ktoc for PAHs in the creosote contaminated sediments 
were well above previously observed values (Figure 2b) indicating a higher affinity of PAHs 
for creosote-laden sediments compared with n-octanol. In contrast, a much lower affinity of 
PAHs for coal-contaminated sediments was observed (Figure 2b). However, this diminished 
affinity was not true for most of the coal-contaminated sediments. Many of the samples 
exhibiting a strong coal source influence (Chapter 3), primarily located in the main stem of 
the Elizabeth River and near the Dominion Coal Terminal in the James River, exhibited a 
higher affinity of PAHs for sediment organic matter compared with n-octanol.
A majority of the samples analyzed (47%) failed to demonstrate significant 
regressions for log Ktoc - log KoW plots for either the entire suite of PAHs or for PAHs with 
log Kow <6 (Figure 3). However, as noted above, this may be indicative of two-phase 
equilibrium partitioning of PAHs between soot carbon and pore water. Of this group of
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samples, the majority indicated an increased affinity of PAHs for sedimentary organic matter 
relative to n-octanol as would be expected for partitioning to soot carbon. Samples within 
this group were located throughout the main stem and the southern branch of the Elizabeth 
River, including the areas adjacent to former wood-treatment facilities and coal transport.
Three-phase equilibrium partitioning
Of the 14 sediment samples indicative of a strong influence of DOC on the 
equilibrium partitioning of high molecular weight (log KoW > 6) PAHs, all but two had initial 
slopes (compounds with log KqW <6) for log Ktoc - log K<,w plots that were not significantly 
different from 1 (p > 0.05). In addition, log Ktoc values for all but the highest log KoW 
compounds were greater than previously observed (Figure 4), demonstrating a higher affinity 
of PAHs for the sediment associated organic matter in the Elizabeth River than for n-octanol. 
Therefore, like creosote-laden sediments, two-phase equilibrium partitioning appears to 
adequately describe the distribution of PAHs between sediments and pore water in these 
samples for compounds with log K<,w <6; however, a three-phase equilibrium partitioning 
model is needed to describe the sharp decline in log Ktoc for compounds with log KqW >6.
The samples exhibiting this three-phase equilibrium partitioning pattern were 
geographically disperse (ie., they were located in both the main stem and southern branch, 
including one sample from the Dominion Coal Terminal). Interestingly, only two of the 14 
samples exhibiting the influence of DOC were located in the vicinity of a former wood- 
treatment facility. This contrasts with the previous discussion, in which over half of the 
samples exhibiting a linear regression were located in the vicinity of former wood-treatment 
facilities. The DOC influenced samples had relatively low ZPAH concentrations
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(~<60p.g/gdw), apart from one sample located in the vicinity of a former wood-treatment 
facility.
Sediment Characteristics
As noted above, particulate and dissolved organic carbon, as well as soot carbon all 
influence PAH partitioning between sediments and pore water. In an effort to determine 
potential influences of sediment characteristics contributing to the observed PAH partitioning 
behavior in Elizabeth River sediments, a suite of sediment properties were examined. 
Average values for sedimentary properties for samples collected from targeted PAH source 
areas (e.g., creosote, coal, power plant/soot), and samples from the southern branch 
(coal/creosote PAHs) and main stem (predominantly coal derived PAHs) were examined 
based on previous evaluation of the major PAH sources in each area (Chapters 2 and 3). All 
particle properties are presented for each individual sample in Appendix A, along with a 
source area designation where appropriate. Average values were compared using a two-sides 
Student’s t-test, 95 % confidence interval, and pooled standard error.
Organic and soot carbon
The most obvious distinction in %TOC amongst the various sediment samples was 
observed between samples obtained adjacent to a coal-fired power plant (Virginia Power) 
and the other areas of the Elizabeth and James Rivers (Figure 5a). Samples collected 
adjacent to the coal-fired power plant (VA Power) had significantly lower (0.90 ± 0.5%, p < 
0.05) %TOC than the other areas examined. In contrast, samples located in the vicinity of 
former wood-treatment facilities (creosote) exhibited a much higher %TOC (3.5 ± 0.4%).
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The %TOC for the southern branch samples (2.7 ± 0.2%) was significantly greater (p < 0.05) 
than the %TOC for the coal terminal source area (1.8 ± 0.4%), but significantly lower (p < 
0.05) than the %TOC for the creosote-contaminated sediments (3.5 ± 0.4%), which may 
indicate a mix of creosote-derived and coal-derived PAHs in sediments of the southern 
branch of the Elizabeth River. Also, the main stem samples (2.0±0.2%) were not 
significantly different (p > 0.05) in %TOC from values obtained from a coal source area 
(Dominion Coal Terminal), supporting the dominance of coal source PAHs in this region of 
the Elizabeth River (Chapter 3).
In contrast to %TOC, the coal-fired power plant samples yielded the highest relative 
amount of soot carbon (37.6 ± 4.7%), exceeding the creosote-contaminated samples, which 
had the next highest %SC (17.6 + 1.8%), by over a factor of two. The high relative 
abundance of soot carbon observed in the area of the coal-fired power plant is consistent with 
generation of soot particles by coal combustion processes. Likewise, the relatively low %SC 
for sediments in the vicinity of DCT and in the main stem of the Elizabeth River is consistent 
with uncombusted coal (Gustaffson et al., 1997), indicating coal transport as the likely source 
of PAHs in these regions. Interestingly, the % SC for the creosote contaminated sediments 
and the southern branch samples was significantly different, by over a factor of 1.5, 
indicating a significant soot component to the sediments in the vicinity of two former wood 
treatment facilities. Neither the southern branch nor the main stem samples were 
significantly different (p > 0.05) from the coal terminal samples with respect to soot carbon 
content of the sediments.
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Mineral surface area coverage
Organic matter in sediments can exist both as discreet particles and as coatings on 
mineral surfaces. As observed by Mayer (1999), sediments typically do not exhibit a 
uniform covering of organic matter. The specific surface area (SSA) of sediment samples 
from the targeted source areas were determined both pre- and post combustion of organic 
matter; the data are examined here in order to determine the relative amount of organic 
matter at each site that exists as discreet particles versus sorbed to mineral surfaces. The coal 
terminal samples had the lowest % SSA coverage (17.8 ± 4.2%, p < 0.05) of the source areas 
examined, despite the mid-range %TOC values observed at this site. In contrast, the 
sediment surface area covered by organic matter in both the VA Power (30.4 + 3.3%) and 
creosote contaminated (36.5 ± 2.2%) sediment samples was approximately twice as high.
This general trend was also observed when examining the % organic matter coverage from 
each source area, as determined from the enthalpy of adsorption (Mayer, 1999). Thus, a 
larger fraction of the organic carbon in the sediment samples containing uncombusted coal 
exists as discreet particles versus organic coatings on mineral surfaces. This may influence 
the partitioning of PAHs between sediment and pore water in coal-contaminated sediments as 
described below.
Dissolved Organic Carbon
Samples exhibiting a significant linear regression only for compounds with log KoW 
<6 appear to be influenced by DOC. These samples had significantly higher DOC 
concentrations than the other samples (p < 0.05). However, when this class of samples was 
examined against each of the other two groups, the DOC concentrations were not
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significantly different from the DOC concentrations for the samples with significant linear 
regressions for log Ktoc -  log KqW plots.
Modeling PAH partitioning
Organic-matter dominated partitioning
All of the samples exhibiting significant linear regressions for log Ktoc -  log KqW plots 
with slopes equal to 1, indicative of sediment organic matter/water two-phase equilibrium 
partitioning similar to that for w-octanol/water partitioning, were collected in the vicinity of 
the former wood-treatment facilities. These samples exhibited a wide range of log Ktoc 
values (over 2 orders of magnitude). The maximum and minimum values determined in this 
subset of samples were:
Maximum: log KoC = 0.70(±0.2)log KqW + 3.2(±1.3)
Minimum: log KoC = 0.78(±0.2)log KoW + 1.1 (±1.2)
with intercept values > 0 indicating a stronger affinity of PAHs for creosote-contaminated 
sediments compared to «-octanol.
The creosote contaminated sediment samples also had extremely variable relative 
amounts of soot carbon, ranging from 6 to 38% of TOC. When the log Ktoc values from 
these samples were evaluated relative to combined sediment organic carbon and soot carbon 
partitioning, samples that fell closest to or within predicted log Ktoc limits exhibited the 
lowest relative abundance of soot carbon. However, in many cases log Ktoc values were 
over-predicted by the models. In this case, inclusion of soot carbon in the EqP model 
predicts greater PAH sorption to sediments than is actually observed. As noted above, 36.5% 
of the sediment surface area is covered by organic matter in the creosote contaminated
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sediments. Thus, the presence of creosote may limit the sorption potential of the soot carbon 
by covering the soot carbon surfaces. In contrast, sediment samples with the highest % SC, 
were under-predicted by the models indicating that high soot carbon content is insufficient to 
explain the extremely high observed partition coefficients in creosote contaminated 
sediments. In this region of the Elizabeth River, the sedimentary organic carbon phase can 
be present in the form of a no«-aqueous phase liquid (NAPL), which was sometimes 
observed during sample collection. The presence of a NAPL phase could explain the 
observed higher than predicted partition coefficients based on combined soot carbon and 
organic matter partitioning, coupled with the observed linear increase in log Ktoc with log 
Kqw, which is indicative of liquid-liquid partitioning or absorption of PAHs by sedimentary 
organic matter.
Soot dominated partitioning
The influence of soot carbon on PAH sediment-pore water partitioning was examined 
for specific areas of the Elizabeth River, as well as samples that exhibited no significant trend 
in log Ktoc -  log Kqw plots. Most notably, the samples collected adjacent to the coal-fired 
power plant, which demonstrated a high relative abundance of soot carbon (22-64%), as well 
as no significant trend in log Ktoc distribution (Figure 3), were evaluated relative to two 
existing EqP models that incorporate soot carbon sorption. In addition to the two soot carbon 
partition coefficients previously described (derived from activated carbon and coastal soot), 
coal soot partition coefficients (Jonker and Koelmans, 2002) were also used in examining 
partitioning behavior in this area, given the type of industrial activity (coal-fired power plant) 
and relative abundance of soot carbon present.
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The Accardi-Dey/Gschwend model (2002), using log Ksc derived from coastal 
sediments and the upper limit of Ktoc for PAH partitioning to organic matter from Seth et al 
(1999), produced the closest model fit for the coal-fired power plant sediments (Figure 6). 
The average model fit was within a factor of 5 for the majority of the compounds, however, 
pyrene was substantially underestimated by the model (-factor of 12), indicating either 
increased sorption of this compound to organic matter or diminished aqueous phase 
concentrations. In contrast, the Gustafsson model (1997), employing activated carbon K sc, 
produced model fits only within a factor of 23, and use of the coal soot K sc in the models was 
significantly less accurate, with errors ranging within a factor of 60 to 600 using the Accardi- 
Dey/Gschwend and Gustafsson models, respectively. Thus, despite the expected 
predominance of a coal soot fraction in sediments near the power plant, K sc values obtained 
from coastal sediments, containing a heterogeneous mixture of soot (Accardi-Dey and 
Gschwend, 2002), appear to more closely approximate the soot fraction in this area, 
indicating a variety of soot sources to Elizabeth River sediments.
The remaining samples exhibiting no significant trend in log K t0c - log Kow plots were 
also examined for the influence of soot carbon on PAH partitioning in sediments. While the 
observed log K toc distribution is similar to that observed for log K sc values (both activated 
carbon and coastal sediment), the areas examined were highly variable in the degree of fit 
between model and observed values. Closer examination of samples collected from the 
southern branch (exclusive of the coal-fired power plant and creosote source areas) indicated 
a relatively close model fit with the Accardi-Dey/Gschwend model (within a factor of 4), 
with the model over-predicting log K toc values for the majority of the compounds, 
particularly the high molecular weight compounds (log K ow> 6). Unlike the coal-fired power
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plant samples, the best model fit was obtained using the lower predicted log Ktoc limit. 
However, these sediments have significantly lower % SC (of TOC) when compared to the 
coal-fired power plant samples. Unlike the coal-fired power plant, where the dominant 
influence of soot carbon on partitioning behavior can be reasonably assumed given its 
relative abundance and the associated industrial activity, the dominant influence of soot on 
PAH partitioning cannot be similarly assumed for these other southern branch sediments. 
Additionally, the PAHs in sediments from the southern branch of the Elizabeth River have 
been previously determined to be derived from a combination of creosote and coal (Chapter 
3). Thus, PAH partitioning to multiple pools of organic matter in addition to soot, is likely in 
sediments from the southern branch of the Elizabeth River.
PAH partitioning in sediment samples collected from the main stem of the Elizabeth 
River that exhibited no significant trend in log Ktc -  log KoW plots also were examined using 
the combined organic carbon and soot carbon partitioning models. As with the southern 
branch samples, model fits were reasonably close (within an average factor of 4), with the 
majority of the compounds being over predicted by the model. Unlike the southern branch 
samples, the dominant PAH source to main stem samples was observed to be coal (Chapter 
3). While coal sorption may influence PAH partitioning, current models do not distinguish 
the sorptive potential of this phase from organic carbon.
Sediments obtained from the vicinity of Dominion Coal Terminal in the James River 
were used to identify the coal source contribution in evaluating PAH sources to Elizabeth 
River sediments (Chapter 3). PAH partitioning in these sediments exhibited a wide variety 
of partitioning behavior (organic matter dominated, soot dominated, and DOC-influenced 
partitioning) and ranges in Ktoc (from below the lower log Ktoc limit to up to two orders of
-172-
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
magnitude greater than the upper log Ktoc limit). With no discernible, consistent trend in the 
samples, the influence of coal on PAH partitioning in sediments cannot be distinguished from 
that of organic carbon and soot using these samples. However, observed Ktoc values below 
the predicted lower limit that are not due to the influence of partitioning to DOC (e.g., Figure 
2b), may indicate that a portion of the organic carbon in coal dominated samples may be 
unavailable for PAH partitioning. This is further illustrated by the %SSA coverage of 
organic matter for the coal source samples, which is significantly lower for samples collected 
from DCT than from other sampling areas.
Heterogeneous partitioning
As stated previously, a sub-set of samples exhibited linear regressions for plots of log 
Kotoc - log Kqw with slopes less than 1, indicating a lower compatibility of PAHs with the 
sediment organic carbon than n-octanol. These samples exhibited a wide range in Ktoc 
values, as demonstrated in the maximum and minimum values, as follows:
Maximum: log Ktoc = 0.41(±0.1)log KoW + 5.3(±0.7)
Minimum: log Ktoc = 0.71(±0.1)log KqW + 0.53(±0.4).
(Figure 2b). However, the apparent lower compatibility of PAHs for this sedimentary 
organic carbon may be indicative of differential partitioning of PAHs among multiple phases, 
such as creosote, coal, soot and other organic matter. Sediment samples exhibiting apparent 
heterogeneous partitioning were located in the southern branch and the main stem, as well as 
in the vicinity of former wood-treatment facilities. To evaluate this potential differential 
partitioning, these samples were examined relative to existing organic carbon/soot carbon 
models.
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Samples collected in the vicinity of the former wood-treatment facilities demonstrated 
substantial variability when examined relative to organic carbon/soot carbon models, despite 
the similarity of log Ktoc-log KoW distributions to coastal soot carbon partition coefficients. As 
with samples exhibiting linear regressions with slopes »1, the sedimentary organic carbon 
phase can be present in the form of a NAPL, which was sometimes observed during sample 
collection. These samples may also be influenced by a combination of factors including 
organic carbon, creosote, and soot carbon.
Samples collected in the southern branch and main stem of the Elizabeth River 
exhibiting linear regressions in log Ktoc -  log KoW plots with slopes <1 were examined using 
the combined organic/soot carbon EqP models. As with the no trend samples from these 
areas, the lower limit of predicted log Ktoc values produced the most accurate model fits. 
Interestingly, the model fits were within a factor of 4 for the southern branch and within a 
factor of 3 for the main stem, despite the difference in PAH source types of these samples. 
Except for two samples, the relative amount of soot carbon present in these samples was less 
than 10%. The close fit of the combined organic/soot carbon models for these samples may 
indicate an accurate representation of both the organic carbon and soot carbon fractions in the 
model calculations.
DOC influenced partitioning
A limited number of samples exhibited an influence of DOC on PAH partitioning in 
sediments. Southern branch and main stem sediment samples exhibiting a DOC influence on 
Ktoc were examined using EqP models that incorporate DOC partitioning. Incorporation of 
DOC alone produced significantly lower than observed Ktoc values. Incorporating soot
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carbon partitioning into the DOC partitioning model substantially improved the model fits 
were highly variable, ranging from a factor of 3 to a factor of 10. However, in several 
instances, model fits using combined organic/soot carbon models alone (no DOC) were more 
accurate in predicting log K t0c, despite the routine overestimation of K toc for high molecular 
weight compounds. Thus, while DOC may influence PAH partitioning in sediments, this 
influence appears secondary to that of soot carbon.
Conclusions
Elizabeth River sediments exhibited a wide range in partitioning patterns indicative of 
partitioning dominated by different sedimentary fractions including organic carbon, soot 
carbon, a heterogeneous mixture of sorbents, or dissolved organic carbon. For samples 
located in the vicinity of former wood-treatment facilities, the presence of non-aqueous phase 
liquids appeared to strongly influence PAH partitioning despite high relative levels of soot 
carbon in the sediments. However, outside of localized areas, soot carbon appears to play a 
dominant role in controlling PAH partitioning, limiting the influence of other factors such as 
DOC. Inclusion of soot carbon into existing organic carbon partitioning models provides a 
more accurate prediction of partitioning relative to models that include only organic carbon. 
Based on the results of this investigation, it is evident that PAH partitioning in highly 
industrialized urban estuaries is subject to multiple influences. As a result, sources of PAHs 
to a system must be considered along with particle properties when examining partitioning 
behavior of PAHs in sediments.
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Table 5-1. Equations to examine partitioning between solid and aqueous phases (Equations 1 
and 2) and model the influence of geochemical parameters-soot carbon (Equations 3 and 4) 
and DOC (Equation 5) on partitioning behavior.
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Equation Variables
(1) K<rCs/Caq Kd=observed solid-aqueous phase partition 
coefficient
Cs =solid phase concentration (pg/g)
Caq =aqueous phase concentration (pg/ml)
(2) Kd=KoC* foc KoC=observed OC-normalized partition 
coefficient
foc =fraction organic carbon
(3)a K H K oc* foc)/(l+Kdoc*[DOC]) Kdoc ^dissolved organic carbon-aqueous 
phase partition coefficient 
[DOC]=dissolved organic carbon 
concentration (g/ml)
(4)b Kd=(Koc* f0C)+(Ksc* fsc) Koc =estimated OC-normalized partition 
coefficient
Ksc =soot carbon-aqueous phase partition 
coefficient
fsc =fraction soot carbon
(5)c Kd=(KoC* foc)+(Ksc* fsc * C ^n-l)) n=Freundlich exponent
a-Mitra and Dickhut (1999); b-Gustafsson et al. (1997); c-Accardi-Dey and Gschwend 
(2002;2003)
Log Koc values derived from the models and used in model fit calculations were calculated as 
follows:
log KoC=log (Kd/foc).
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Figure 5-1. Log KoC values for all samples. Lines indicate upper and lower limits of log KoC 
values based on model predictions (Seth et al., 1999).
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Figure 5-2. Representative samples exhibiting a significant linear regression. A. Samples 
with slope » 1. Both samples (PI9 and P28) were located in the vicinity of a former wood- 
treatment facility. Dotted lines depict the upper and lower predicted log Koc values (Seth et 
al., 1999). B. Samples with slope <1. One sample was located in the vicinity of a former 
wood-treatment facility (PI5), while the second sample was located in the area adjacent to a 
coal terminal (P66). Dashed line depicts coastal soot carbon-water partition coefficients 
(Accardi-Dey and Gschwend, 2003).
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Figure 5-3. Representative samples exhibiting no significant trend. One sample was located 
in the main stem (E50) and the second sample was collected in the vicinity of a former wood- 
treatment facility. Line indicates regression (r ) of activated carbon-water partition 
coefficients (Walters and Luthy, 1984; Luehrs et al., 1996).
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Figure 5-4. Representative samples exhibiting a significant linear regression for PAH with 
log KoW<6. One sample (E28) was collected in the vicinity of a former wood-treatment 
facility, while the second sample was collected adjacent to a coal storage and transport 
terminal. Solid lines are regressions (r2) log KoC-log Kow regressions for compounds with log 
Kow <6. Dashed lines indicate trends predicted based on DOC concentrations.
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Figure 5-5. A. Mean % total organic carbon for samples from targeted areas. B. Mean % 
soot carbon of total organic carbon for targeted areas. Error bars are standard error. VP 
=Virginia Power, a coal-fired power plant (n=10); creosote=Atlantic Wood and Eppinger & 
Russell, two former wood-treatment facilities (n-41); SB=Elizabeth River southern branch 
(n=44); DCT=Dominion Coal Terminal, a coal storage and shipping facility in the James 
River (n=7); Main=Elizabeth River main stem (n=17).
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Figure 5-6. Model fits and log KoC values for sample located adjacent to a coal-fired 
plant (VA Power).
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CHAPTER 6-RESEARCH SUMMARY
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The overall objective of the research presented here was to examine the distribution 
and behavior of a class of confirmed and suspected toxic compounds, polycyclic aromatic 
hydrocarbons, in a highly industrialized urban estuary. The Elizabeth River, Virginia, has 
been identified as one of three regions of concern within the Chesapeake Bay, and as the 
most heavily contaminated of the three for PAHs in sediment (Chapter 1). The long history 
of the Elizabeth River, which included substantial morphological transformation along with 
industrial development and use, has contributed to the current state of the river.
As demonstrated in Chapter 1, the Elizabeth River has elevated concentrations of 
PAHs in sediments. The southern branch of the Elizabeth River continues to present a 
hazard to benthic and pelagic species, as evaluated using current sediment quality criteria. 
However, the majority of the southern branch has lower concentrations of sediment PAH 
than observed almost 15 years ago and is in the process of remediating itself in select areas 
without direct intervention. One exception to that is the area located between two former 
wood-treatment facilities, which has increased in ZPAH concentrations in the intervening 
time between investigations, indicating combined delivery of PAHs to sediments in this area.
Multiple industrial sources have potentially contributed, either currently or 
historically, to sediment PAH contamination over the course of the long history of the 
Elizabeth River. Multiple point and non-point sources were initially identified as potentially 
contributing to PAH contamination; verification of specific sources was achieved through the 
combined use of PAH ratios (isomers and molecular weight), compounds specific isotope 
analysis, and multivariate analysis. The primary contributors identified were former wood-
treatment facilities, as long expected based on historical releases, as well as coal, not
>
previously considered in past investigations. The assessment of the current state of the
-196-
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Elizabeth River along with the identification of primary sources of PAH sediment 
contamination provided a baseline from which to evaluate behavior of PAHs in sediments 
and partitioning between sediments and pore water.
Two general hypotheses were investigated relating to PAHs in sediment. The first 
focused on equilibrium partitioning models and their applicability in highly contaminated 
systems. The second general hypothesis examined the variability in PAH behavior and the 
impact of different PAH sources and particle associations. Specifically, we observed that 
sediment PAH concentrations in complex systems, characterized by multiple point and non­
point potential sources, were not correlated with sediment TOC, regardless of source type 
(e.g., coal or creosote). Examining additional particle properties also failed to produce a 
significant correlation with EPAH values, including 513C. As a result, a suitable proxy 
parameter for EPAH was not determined.
I also observed that sediment-pore water partition coefficients for PAHs in complex 
systems did not increase uniformly with PAH octanol-water partition coefficients for all 
samples. However, examining partitioning behavior in conjunction with source identification 
results, I was able to identify specific areas that demonstrated different partitioning behavior. 
Specifically, areas immediately impacted by releases from former wood-treatment facilities 
demonstrated organic matter dominated partitioning as well as heterogeneous (organic 
carbon and soot carbon) dominated partitioning, as exemplified by linear increases with n- 
octanol partition coefficients. In these areas, the presence of a non-aqeous phase liquid 
(NAPL) complicates effective modeling of partitioning behavior in these areas, leading to 
observed partition coefficients in excess of predicted values. Evaluating the impact of this 
phase is limited by the relevant partition coefficients and the means to quantify this phase.
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Other areas of the Elizabeth River, most notably those adjacent to a coal-fired power 
plant, appear to exhibit soot carbon dominated partitioning. These samples demonstrated no 
significant linear trend in log KqC values, similar to soot carbon partition coefficients, along 
with elevated relative amounts of soot carbon. These samples were reasonably well- 
predicted by existing soot carbon models. Other areas with no significant trend were 
demonstrated more inconsistent results when evaluated relative to soot carbon models, 
indicating the potential influence of other phases, such as creosote or coal. A third phase was 
also apparent in samples collected from the southern branch and main stem. However, the 
influence of dissolved organic carbon is secondary to that of soot carbon.
In examining complex systems such as the Elizabeth River, multiple steps are 
required to ensure accurate assessment of sources and the influence of those sources. 
Identification of potential sources through historical analysis and examination of current use, 
along with determination of the contribution of those sources to sediment contamination is 
necessary. The methodologies previously outlined for source identification are useful, in 
particular, for those PAHs that are suspected carcinogens. The influence of these sources 
must be considered when attempting to determine partitioning behavior, and subsequent 
bioavailability of these compounds. While current soot carbon models are a useful first step 
in evaluating sediments, and an improvement upon existing organic carbon models, their 
utility is not uniform for sediments with multiple point and non-point sources. As a result, 
additional factors should be considered when examining highly impacted systems such as the 
Elizabeth River. As indicated in Chapter 2, heavily contaminated systems are present around 
the world, each likely dominated by a variety of sources. The observed influence of different 
source types on partitioning of PAHs provides new insight into PAH distribution and
-198 -
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behavior in impacted systems. The source identification techniques used here can be applied 
in current and future investigations into highly impacted systems in the United States and 
around the world.
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APPENDIX A-SAMPLE DIFORMATION
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CG=coal gasification ; AW=Atlantic Wood ; ER=Eppinger & Russell; VP=Virginia Power; 
Pet=petroleum storage and transport; DCT=Dominion Coal Terminal.
Sample latitude (° N)-collected via shipboard global positioning system (GPS).
Sample longitude (° W)-collected via shipboard GPS.
Elemental analysis:
Organic carbon-OC values for all ERG samples and POW samples 30,48,49, 51-55 
were obtained with replicates (minimum of two). Data from only one sample run were used. 
For replicates, values with differences less than 10% standard deviation were used to 
calculate the reported average OC values. In instances where 10% standard deviation 
difference was exceeded for all values, the two replicates which produced the smallest 
difference were used. Analyses below the method detection limit were assigned the values of 
“zero” and were not subjected to this assessment of data validity.
OC data for POW samples 1-29, 31-47, 50, 56-69 were obtained from two sample 
runs. The second run was performed only to reduce error in initial value. If replicates from 
the first and second sample runs were within 10% standard deviation, these values were used 
to obtain an average OC value. If samples from the second run fell within the range of the 
first run and were within 10% standard deviation, these samples were used to obtain average 
OC values.
Nitrogen and soot carbon-N and SC values for all samples were obtained from 
replicate analyses (minimum of two). Data from only one sample were used.
Dissolved organic carbon-Samples with the designation na had insufficient pore water to 
obtain DOC values.
% coverage-Samples with the designation na were not analyzed for % coverage.
-201  -
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E01 CG 36.84267 -76.30100 5.5 1.7 S 0.790 0.011 0.035 0.001 0.200 0.039 0.590 26.70 '87.54 11.17 1.30 5.06E-05 -23.56 0.049 2.13 42.9190
E02 36.84467 -76.29683 42.0 12.8 c 2.816 0.046 0.277 0.001 0.167 0.003 2.649 11.85 5.702 34.57 59.72 1.05E-04 -22.90 0.049 23.49 na
E03 36.83967 -76.29400 43.0 13.1 c 2.619 0.022 0.283 0.002 0.177 0.003 2.442 10.81 2.895 35.11 61.99 1.26E-04 -22.94 0.049 23.59 na
E04 36.83400 -76.29517 45.0 13.7 c 2.254 0.007 0.175 0.002 0.203 0.036 2.051 15.06 15.07 29.31 55.62 7.18E-05 -23.36 0.049 16.33 na
E05 36.82917 -76.29367 44.0 13.4 C 2.881 0.070 0.248 0.000 0.142 0.005 2.739 13.55 11.39 30.42 58.19 1.25E-04 -23.56 0.049 16.09 na
E06 36.82433 -76.29133 45.0 13.7 c 2.834 0.025 0.205 0.000 0.193 0.002 2.641 16.12 10.01 33.60 56.39 1.22E-04 -23.52 0.049 18.02 na
E07 36.81917 -76.29100 44.0 13.4 c 3.311 0.056 0.270 0.006 0.195 0.000 3.116 14.33 6.723 32.96 60.31 1.45E-04 -23.49 0.049 22.55 na
E08 36.81350 -76.29117 44.0 13.4 C 3.473 0.006 0.307 0.002 0.167 0.006 3.306 13.21 6.266 31.30 62.43 1.40E-04 -23.49 0.049 21.38 na
E09 36.81133 -76.28817 7.5 2.3 S 4.799 0.069 0.355 0.002 0.708 0.003 4.091 15.76 46.22 27.28 26.50 na -24.03 0.049 9.29 na
E10 AW 36.80850 -76.29233 4.2 1.3 S 0.894 0.004 0.044 0.003 0.071 0.003 0.823 23.97 89.18 6.492 4.328 5.90E-05 -23.56 0.025 1.86 na
E11 AW 36.80800 -76.29283 3.1 0.9 S 6.217 0.108 0.250 0.000 1.139 0.032 5.078 29.00 28.09 46.83 25.08 9.27E-05 -24.33 0.025 8.86 na
E12 AW 36.80767 -76.29233 4.5 1.4 S 5.966 0.009 0.242 0.002 1.026 0.028 4.940 28.81 35.60 44.92 19.48 9.96E-05 -24.37 0.025 17.02 na
E13 AW 36.80700 -76.29283 10.0 3.0 S 5.864 0.069 0.388 0.002 0.368 0.011 5.496 17.65 8.571 34.29 57.14 na -24.10 0.025 15.85 na
E14 36.80717 -76.29033 43.0 13.1 C 1.321 0.015 0.086 0.001 0.059 0.005 1.262 17.91 39.60 17.76 42.63 8.71 E-05 -23.68 0.025 7.06 na
E15 36.80650 -76.28833 3.9 1.2 S 2.154 0.032 0.143 0.003 0.259 0.022 1.895 17.57 76.90 14.33 8.767 9.80E-05 -23.93 0.025 3.82 na
E16 36.80333 -76.29133 43.0 13.1 c 3.583 0.014 0.270 0.006 0.198 0.005 3.385 15.50 10.50 29.76 59.75 na -23.61 0.025 20.48 na
E17 36.79933 -76.29217 53.0 16.2 C 3.355 0.042 0.272 0.002 0.170 0.003 3.184 14.38 9.755 26.99 63.26 1.31E-04 -23.90 0.025 4.66 na
E18 36.79900 -76.29567 34.0 10.4 S 4.287 0.012 0.328 0.000 0.232 0.005 4.055 15.27 3.868 34.52 61.61 1.00E-04 -23.86 0.025 20.79 na
E19 36.79483 -76.29200 18.0 5.5 S 3.718 0.071 0.226 0.004 0.145 0.005 3.573 19.19 24.63 30.88 44.49 1.02E-04 -23.95 0.025 16.60 na
E20 36.79433 -76.29483 38.0 11.6 C 0.971 0.071 0.040 0.002 0.037 0.003 0.934 28.67 78.16 7.396 14.45 8.01 E-05 -23.89 0.033 4.15 na
E21 36.79233 -76.29617 30.0 9.1 S 2.257 0.022 0.163 0.000 0.192 0.005 2.065 16.15 5.221 29.68 65.10 1.13E-04 -24.28 0.033 19.77 na
E22 36.79083 -76.29917 3.8 1.2 S 0.430 0.002 0.014 0.000 0.087 0.010 0.343 35.82 77.02 16.64 6.343 9.18E-05 -24.29 0.033 2.52 na
E23 36.79200 -76.30017 39.0 11.9 C 3.385 0.071 0.212 0.005 0.154 0.017 3.231 18.66 20.40 26.45 53.16 8.61 E-05 -23.97 0.033 10.37 na
E24 36.79067 -76.30533 2.0 0.6 S 0.668 0.004 0.030 0.001 0.255 0.057 0.413 25.97 88.80 7.164 4.033 7.38E-05 -23.53 0.033 2.28 na
E25 36.78733 -76.30300 38.0 11.6 C 2.542 0.070 0.104 0.000 0.111 0.010 2.430 28.50 46.37 31.70 21.94 1.33E-04 -26.69 0.033 5.73 na
E26 36.78583 -76.30550 5.6 1.7 S 2.795 0.014 0.140 0.001 0.455 0.017 2.339 23.28 54.07 22.55 23.38 8.44E-05 -23.56 0.033 7.25 na
E27 ER 36.78333 -76.30267 7.1 2.2 S 5.194 0.059 0.351 0.007 0.269 0.008 4.925 17.26 8.847 35.21 55.94 7.75E-05 -24.05 0.033 19.16 na
E28 ER 36.78217 -76.30417 2.8 0.9 S 1.138 0.058 0.066 0.001 0.133 0.006 1.005 20.26 82.69 7.365 9.941 9.06E-05 -24.35 0.033 3.84 na
E29 36.78150 -76.30783 38.0 11.6 c 3.106 0.061 0.224 0.003 0.135 0.002 2.971 16.17 16.62 30.30 53.09 na -23.71 0.033 13.45 na
E30 36.77750 -76.30633 35.0 10.7 c 3.214 0.044 0.236 0.003 0.163 0.014 3.051 15.88 24.79 23.24 51.96 na -24.13 0.040 11.92 na
E31 36.77700 -76.29950 34.0 10.4 c 5.208 0.013 0.371 0.005 0.244 0.001 4.963 16.39 0.000 29.36 70.64 1.35E-04 -24.10 0.040 18.80 na
E32 36.77417 -76.29483 39.0 11.9 c 0.195 0.008 0.011 0.001 0.022 0.005 0.172 21.60 96.24 1.636 2.126 na -24.42 0.040 1.32 na
E33 36.76933 -76.29717 38.0 11.6 c 4.150 0.051 0.285 0.004 0.242 0.004 3.908 17.01 16.66 29.81 53.53 5.78E-05 -24.22 0.040 14.12 na
E34 36.76317 -76.29883 31.0 9.4 c 5.855 0.086 0.415 0.000 0.346 0.004 5.509 16.45 7.262 35.39 57.35 9.58E-05 -24.47 0.040 18.08 na
E35 36.75717 -76.29583 32.0 9.8 c 2.665 0.125 0.158 0.005 0.158 0.009 2.506 19.67 22.20 26.37 51.42 9.94E-05 -24.27 0.040 10.00 na
E36 36.85050 -76.30250 42.0 12.8 c 2.909 0.147 0.275 0.018 0.121 0.002 2.788 12.36 7.036 30.91 62.06 8.22E-05 -22.96 0.040 20.20 na
E37 36.84950 -76.30750 7.0 2.1 , S 2.018 0.002 0.149 0.000 0.257 0.015 1.760 15.84 38.54 34.44 27.03 6.11 E-05 -23.07 0.040 9.52 na
E38 36.85550 -76.30967 42.0 12.8 c 2.480 0.002 0.232 0.000 0.115 0.007 2.365 12.49 12.82 29.79 57.39 1.22E-04 -22.76 0.040 21.29 na
E39 36.86017 -76.31617 46.0 14.0 c 2.372 0.064 0.204 0.008 0.113 0.007 2.259 13.59 7.575 31.58 60.84 7.47E-05 -22.57 0.040 15.18 na
E40 36.86033 -76.31133 18.0 5.5 S 2.933 0.053 0.288 0.004 0.119 0.006 2.814 11.90 18.34 35.71 45.95 9.01E-05 -22.76 0.100 16.58 na
E41 36.86600 -76.32483 46.0 14.0 c 2.489 0.042 0.242 0.001 0.090 0.002 2.399 12.02 18.03 30.18 51.79 7.66E-05 -21.94 0.100 19.98 na
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E42 36.87050 -76.32267 2.9 0.9 s 0.239 0.010 0.015 0.000 0.003 0.003 0.236 18.58 94.61 1.298 4.095 na -21.56 0.100 0.82 na
E43 36.89867 -76.33733 47.0 14.3 c 2.432 0.001 0.291 0.001 0.099 0.001 2.332 9.76 1.981 33.01 65.01 1.23E-04 22.37 0.100 23.18 na
E44 36.89733 -76.34433 30.0 9.1 S 2.475 0.026 0.212 0.002 0.091 0.001 2.384 13.65 8.948 30.05 61.00 7.28E-05 -22.98 0.100 22.24 na
E45 36.89183 -76.32633 9.0 2.7 S 1.872 0.004 0.156 0.002 0.094 0.002 1.778 14.04 31.47 35.05 33.47 6.83E-05 -22.71 0.100 12.56 na
E46 36.88883 -76.33550 56.0 17.1 c 2.054 0.006 0.223 0.001 0.081 0.003 1.973 10.76 37.57 21.31 41.12 1.26E-04 -22.19 0.100 16.49 na
E47 36.88017 -76.33417 58.0 17.7 C 2.169 0.001 0.231 0.004 0.075 0.002 2.094 10.95 17.20 26.82 55.98 1.24E-04 -22.32 0.100 20.92 na
E48 36.88000 -76.32617 35.0 10.7 S 1.098 0.007 0.061 0.004 0.080 0.014 1.018 21.16 68.73 14.94 16.33 na -22.59 0.100 11.36 na
E49 36.87250 -76.33233 44.0 13.4 C 2.265 0.012 0.212 0.003 0.097 0.003 2.167 12.49 15.92 29.77 54.31 1.34E-04 -22.66 0.100 20.30 na
E50 36.87050 -76.34250 5.8 1.8 S 0.135 0.008 0.013 0.000 0.009 0.006 0.126 12.07 97.88 0.929 1.194 na -22.53 0.100 3.53 na
P01 VP 36.75917 -76.30042 9.0 2.7 S 5.016 0.011 0.203 0.007 3.197 0.015 1.819 28.76 42.49 20.39 37.12 3.30E-05 -23.87 0.056 7.29 78.1457
P02 VP 36.76182 -76.30012 6.0 1.8 S 0.759 0.005 0.040 0.001 0.409 0.020 0.350 22.05 68.52 6.784 24.70 3.76E-05 -24.03 0.056 4.65 21.2755
P03 VP 36.76507 -76.30033 13.0 4.0 S 0.487 0.032 0.016 0.008 0.272 0.021 0.214 35.37 76.62 8.561 14.81 4.47E-05 -23.95 0.056 2.62 3.1249
P04 VP 36.76872 -76.29892 9.0 2.7 S 0.219 0.039 0.007 0.007 0.055 0.005 0.164 38.22 87.69 2.069 10.24 4.62E-05 -23.96 0.056 1.67 9.5265
P05 VP na na na S 0.516 0.024 0.033 0.003 0.163 0.014 0.353 18.16 71.26 6.672 22.07 3.78E-05 -24.27 0.056 4.67 12.3004
P06 VP 36.77277 -76.29640 6.5 2.0 S 0.367 0.013 0.018 0.009 0.138 0.011 0.230 23.54 69.46 8.775 21.77 4.52E-05 -24.37 0.056 3.86 11.1842
P07 VP 36.77377 -76.29667 3.0 0.9 S 0.702 0.021 0.000 0.000 0.190 0.022 0.512 na 76.42 10.79 12.78 3.94E-05 -23.95 0.056 2.67 10.4463
P08 VP 36.77358 -76.29570 15.0 4.6 s 0.293 0.028 0.013 0.013 0.081 0.003 0.211 26.38 78.10 0.000 21.90 2.95E-05 -24.25 0.056 3.12 21.7660
P09 VP 36.77428 -76.29637 2.0 0.6 S 0.391 0.055 0.000 0.000 0.087 0.017 0.304 na 88.17 3.979 7.854 4.07E-05 -22.94 0.056 1.13 1.4441
P10 VP 36.77445 -76.29547 23.0 7.0 S 0.243 0.021 0.000 0.000 0.075 0.020 0.168 na 87.369 2.124 10.51 4.39E-05 -23.88 0.046 2.03 11.7586
P11 ER 36.78242 -76.30508 7.5 2.3 S 1.128 0.045 0.073 0.002 0.081 0.012 1.048 18.08 69.00 19.47 11.53 3.93E-05 -24.18 0.046 2.89 14.1795
P12 ER 36.78213 -76.30390 3.0 0.9 S 0.073 0.014 0.000 0.000 0.031 0.006 0.042 na 91.80 2.077 6.122 4.23E-05 -22.75 0.046 0.75 2.6857
P13 ER 36.78340 -76.30418 38.0 11.6 S 3.883 0.012 0.286 0.002 0.240 0.001 3.643 15.83 9.387 52.99 37.62 4.63E-05 -23.88 0.046 14.20 7.2110
P14 ER 36.78292 -76.30343 6.0 1.8 S 4.339 0.031 0.222 0.001 0.481 0.057 3.858 22.79 30.06 42.07 27.87 3.65E-05 -24.14 0.046 7.27 23.6150
P15 ER 36.78285 -76.30253 3.0 0.9 S 1.061 0.038 0.054 0.002 0.109 0.005 0.952 22.91 75.55 15.11 9.345 4.54E-05 -24.00 0.046 1.17 28.2451
P16 ER 36.78285 -76.30253 3.0 0.9 S 1.024 0.090 0.035 0.000 0.134 0.016 0.890 33.65 84.85 4.360 10.787 4.23E-05 -24.76 0.046 1.35 2.0127
P17 ER 36.78340 -76.30195 2.0 0.6 S 2.142 0.193 0.043 0.004 0.891 0.008 1.251 58.01 88.43 5.838 5.736 4.33E-05 -23.68 0.046 0.66 2.1926
P18 ER 36.78358 -76.30282 10.0 3.0 S 4.205 0.109 0.221 0.003 0.292 0.027 3.913 22.23 25.35 43.08 31.57 4.27E-05 -24.60 0.046 8.91 17.1352
P19 ER 36.78397 -76.30317 39.0 11.9 s 4.334 0.007 0.373 0.001 0.244 0.004 4.090 13.55 1.966 54.33 43.71 4.65E-05 -23.38 0.046 22.13 18.2251
P20 ER 36.78437 -76.30195 9.5 2.9 s 3.337 0.015 0.191 0.006 0.640 0.014 2.697 20.41 39.70 20.19 40.11 4.91 E-05 -24.66 0.005 10.45 22.0480
P21 ER 36.78502 -76.30207 10.0 3.0 s 3.369 0.032 0.143 0.004 0.276 0.022 3.093 27.43 35.20 37.40 27.40 4.05E-05 -24.27 0.005 5.57 23.8916
P22 ER 36.78535 -76.30252 39.0 11.9 s 0.746 0.062 0.136 0.015 0.240 0.011 0.506 6.40 5.599 28.47 65.93 3.04E-05 -23.36 0.005 18.08 2.6841
P23 ER 36.78535 -76.30252 39.0 11.9 s 0.742 0.043 0.121 0.006 0.229 0.000 0.513 7.14 8.371 13.80 77.83 5.12E-05 -23.70 0.005 17.35 2.6564
P24 ER 36.78597 -76.30178 20.0 6.1 s 4.750 0.035 0.315 0.003 0.300 0.023 4.451 17.58 11.10 49.53 39.37 6.94E-05 -24.05 0.005 12.72 25.6147
P25 ER 36.78597 -76.30178 20.0 6.1 s 1.267 0.122 0.154 0.011 0.328 0.003 0.938 9.56 24.63 18.94 56.43 5.16E-05 -24.18 0.005 12.66 30.7185
P26 ER 36.78702 -76.30175 15.0 4.6 s 2.670 0.124 0.084 0.002 0.834 0.045 1.836 36.90 74.79 6.925 18.29 4.24E-05 -24.34 0.005 3.06 10.6569
P27 ER 36.78777 -76.30208 20.0 6.1 s 3.188 0.081 0.214 0.007 0.295 0.013 2.893 17.37 23.52 42.61 33.87 5.32E-05 -24.02 0.005 11.52 13.0725
P28 ER 36.78897 -76.30167 20.0 6.1 s 0.834 0.038 0.098 0.002 0.318 0.005 0.516 9.92 23.93 19 12 56.95 3.66E-05 -23.75 0.005 12.27 18.2246
P29 36.79082 -76.29933 4.5 1.4 s 0.318 0.016 0.000 0.000 0.187 0.017 0.131 na 77.72 8.980 13.29 4.06E-05 -24.64 0.005 2.66 1.2126
P30 36.80758 -76.28773 6.0 1.8 s 1.390 0.002 0.075 0.062 0.158 0.003 1.232 21.61 73.51 11.44 15.05 3.73E-05 -23.74 0.011 1.65 na
P31 AW 36.80782 -76.29087 30.0 9.1 s 2.019 0.045 0.130 0.003 0.237 0.009 1.782 18.18 38.33 35.04 26.63 4.82E-05 -23.94 0.011 7.72 14.8585
P32 AW 36.80800 -76.29168 15.0 4.6 s 4.328 0.005 0.304 0.002 0.426 0.012 3.902 16.61 10.09 54.07 35.84 4.88E-05 -23.94 0.011 18.28 18.6190
P33 AW 36.80748 -76.29127 22.0 6.7 s 2.619 0.023 0.166 0.003 0.354 0.042 2.265 18.35 26.12 42.64 31.24 4.63E-05 -23.93 0.011 13.90 16.1105
P34 AW 36.80728 -76.29258 14.0 4.3 s 5.248 0.011 0.366 0.000 0.458 0.007 4.790 16.71 6.657 54.61 38.73 3.53E-05 -23.92 0.011 14.66 3.0563
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P35 AW 36.80678 -76.29223 16.0 4.9 S 4.800 0.057 0.352 0.001 0.388 0.002 4.412 15.91 4.924 55.39 39.68 3.93E-05 -23.89 0.011 18.21 9.6697
P36 AW 36.80683 -76.29303 5.5 1.7 S 1.304 0.131 0.101 0.011 0.554 0.016 0.751 14.98 33.42 15.91 50.67 3.25E-05 -24.22 0.011 11.76 16.8613
P37 AW 36.80642 -76.29237 19.0 5.8 S 1.415 0.038 0.205 0.003 0.264 0.001 1.150 8.05 9.630 18.17 72.20 2.76E-05 -23.85 0.011 17.53 19.4193
P38 AW 36.80625 -76.29152 30.0 9.1 S 3.672 0.089 0.238 0.000 0.551 0.029 3.121 18.03 14.22 51.11 34.67 2.62E-05 -23.80 0.011 14.94 26.4586
P39 AW 36.80853 -76.29077 27.0 8.2 S 1.456 0.058 0.079 0.001 0.171 0.003 1.285 21.55 55.56 25.20 19.23 2.88E-05 -23.86 0.011 4.85 13.4678
P40 AW 36.80802 -76.29298 3.0 0.9 S 7.497 0.043 0.346 0.003 1.769 0.005 5.728 25.27 16.94 53.87 29.19 3.24E-05 -23.95 0.013 6.78 46.9543
P41 AW 36.80802 -76.29298 3.0 0.9 S 3.755 0.018 0.174 0.002 1.779 0.024 1.976 25.20 18.77 22.66 58.57 2.81 E-05 -23.88 0.013 8.92 65.4721
P42 AW 36.80793 -76.29388 1.5 0.5 S 9.362 0.046 0.704 0.003 0.905 0.007 8.457 15.50 19.68 30.27 50.05 1.85E-05 -23.81 0.013 11.45 22.3342
P43 AW 36.80812 -76.29328 3.5 1.1 S 10.112 0.165 0.532 0.002 1.393 0.023 8.718 22.17 16.26 56.99 26.76 1.19E-05 -24.19 0.013 6.73 52.3404
P44 AW 36.80847 -76.29207 3.0 0.9 S 8.321 0.161 0.317 0.000 1.021 0.001 7.300 30.64 19.91 48.76 31.33 2.63E-05 -24.53 0.013 8.97 24.9110
P4S AW 36.80838 -76.29320 1.5 0.5 S 4.144 0.004 0.199 0.005 0.818 0.034 3.326 24.25 61.22 19.48 19.29 3.06E-05 -24.05 0.013 na na
P46 AW 36.80948 -76.29125 21.0 6.4 S 2.703 0.228 0.218 0.010 0.519 0.020 2.184 14.43 19.78 23.00 57.21 2.37E-05 -24.36 0.013 na na
P47 AW 36.81043 -76.29122 10.0 3.0 S 1.261 0.007 0.086 0.002 0.299 0.049 0.962 17.16 68.00 4.953 27.05 4.23E-05 -24.07 0.013 na na
P48 36.81352 -76.29010 32.0 9.8 S 3.479 0.002 0.308 0.020 0.212 0.007 3.267 13.17 6.681 25.69 67.62 4.37E-05 -23.54 0.013 18.08 na
P49 36.81562 -76.29393 42.0 128 S 2.580 0.001 0.211 0.026 0.217 0.009 2.362 14.28 13.00 31.25 55.75 4.38E-05 -23.38 0.013 17.68 na
P50 Pet 36.82043 -76.28915 20.0 6.1 S 1.533 0.099 0.166 0.004 0.339 0.016 1.194 10.74 23.27 15.41 61.33 4.74E-05 -24.13 0.124 16.88 15.4924
P51 36.82477 -76.29248 39.0 11.9 S 3.664 0.003 0.303 0.051 0.282 0.003 3.382 14.10 20.35 17.85 61.79 4.16E-05 -23.77 0.124 15.39 na
P52 36.82567 -76.29088 38.0 11.6 S 3.484 0.003 0.315 0.044 0.176 0.007 3.308 12.90 9.348 30.48 60.17 4.68E-05 -23.42 0.124 17.91 na
P53 36.82883 -76.29258 42.0 12.8 S 3.142 0.001 0.295 0.009 0.152 0.005 2.990 12.43 12.08 24.15 63.77 2.95E-05 -23.58 0.124 18.75 na
P54 36.83272 -76.29287 21.0 6.4 s 0.136 0.001 0.013 0.020 0.012 0.002 0.124 11.90 94.67 0.000 5.329 na -23.84 0.124 0.54 na
P55 36.83693 -76.29290 10.0 3.0 s 0.309 0.001 0.026 0.017 0.022 0.002 0.287 14.04 89.27 2.718 8.013 4.16E-05 -23.20 0.124 1.11 na
P56 Pet 36.81888 -76.28967 41.0 12.5 s 1.521 0.052 0.198 0.006 0.275 0.003 1.246 8.97 11.55 20.20 68.25 3.19E-05 -23.42 0.124 20.84 19.5140
P57 Pet 36.81798 -76.28937 5.5 1.7 s 2.460 0.035 0.131 0.004 0.128 0.005 2.331 21.87 58.71 12.20 29.09 3.45E-05 -24.15 0.124 7.97 13.7527
P58 Pet 36.81638 -76.28973 41.0 12.5 s 1.151 0.033 0.090 0.002 0.095 0.007 1.057 14.95 35.66 19.38 44.96 3.31 E-05 -23.36 0.124 19.16 4.3391
P59 Pet 36.82072 -76.28578 5.2 1.6 s 5.003 0.021 0.358 0.003 0.392 0.017 4.611 16.29 7.275 38.07 54.66 2.38E-05 -24.29 0.124 13.58 19.1628
P60 Pet 36.82052 -76.28268 1.0 0.3 s 3.324 0.005 0.148 0.000 0.613 0.036 2.712 26.23 70.51 13.69 15.80 3.32E-05 -25.14 0.125 3.45 25.3658
P61 Pet 36.82052 -76.28793 7.5 2.3 s 6.153 0.061 0.331 0.007 0.588 0.030 5.564 21.68 17.09 30.26 52.65 2.30E-05 -24.78 0.125 13.49 22.1786
P62 Pet 36.82148 -76.28863 3.5 1.1 s 0.688 0.045 0.029 0.001 0.103 0.005 0.586 27.67 87.96 8.099 3.944 2.93E-05 -23.50 0.125 1.12 48.8052
P63 DCT 36.96567 -76.42413 1.0 0.3 s 0.385 0.032 0.020 0.000 0.029 0.008 0.355 22.59 91.90 0.000 8.102 4.47E-05 -23.02 0.125 2.24 11.2528
P64 DCT 36.96657 -76.42565 10.0 3.0 s 1.056 0.051 0.044 0.003 0.077 0.013 0.979 27.81 84.26 3.961 11.78 na -23.75 0.125 1.87 11.6274
P65 DCT 36.96672 -76.42688 12.0 37 S 3.176 0.002 0.155 0.000 0.286 0.018 2.891 23.83 38.86 14.63 46.51 2.98E-05 -22.91 0.125 17.94 9.6900
P66 DCT 36.96567 -76.42703 14.0 4.3 S 2.957 0.094 0.096 0.013 0.150 0.031 2.808 36.02 69.61 2352 28.04 3.84E-05 -2294 0.125 7.21 9.6472
P67 DCT 36.96477 -76.42622 20.0 6.1 s 0.611 0.037 0.036 0.001 0.122 0.002 0.489 19.61 78.08 8.029 13.89 na -22.58 0.125 4.22 4.8186
P68 DCT 36.96355 -76.42593 35.0 10.7 S 2.041 0.023 0.237 0.003 0.105 0.003 1.936 10.04 27.15 13.31 59.54 3.44E-05 -2230 0.125 15.76 19.6531
P69 DCT 36.96293 -76.42440 56.0 17.1 S 2.074 0.005 0.250 0.001 0.104 0.003 1.970 9.68 14.34 21.51 64.15 2.22E-05 -2202 0.125 17.01 15.8418
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Values are reported in ug/g dry weight. Reported values are corrected based on surrogate 
recovery and analysis of extraction procedures (see Chapters 3-5).
nd=not detectable; nq=not quantifiable.
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APPENDIX C-COMPOUND SPECIFIC STABLE ISOTOPE RATIOS
- 2 1 0 -
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Values reported are averages and standard deviations from duplicate injections. Two sets of 
injections were analyzed for samples E25, P21, P24, and P25 due to the variable abundances 
of individual PAHs, as indicated by ave after the sample name.
CG: coal gasification; VP: Virginia Power; AW: Atlantic Wood; ER: Eppinger & Russell; 
PT: petroleum storage/transport; DCT: Dominion Coal Terminal. Samples in gray exceeded 
acceptable limits. See Chapter 4 for criteria.
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Sample fluoranthene pyrene baa+chry benzofluoranthenes bep bapave i SE ave : SE ave SE ave SE ave ! SE ave SE
E01 CG -26.770J O.oio -26.840j 0.065 -27.020 0.250 -26.650 b.6'55 -25.820 10.955 -26.850 0.130
E02 -24.3901 NA -24.630: 0.130 -24.770 0.040 -22.650 0.090 -24.200 I 0 035 -24.330 0.440
E03 -24.250; NA -23.750; 0.185 -24.270 0.255 -23.450 0.125 -24.550 ; 0.460 -24.370 0.270
E06 -24.470; 0.210 -23.770: 0.005 -24.540 0.015 -24.300 0.075 -23.300 I 0.045 -23.610 0.300
E08 -24.270; 0.000 -24.450; NA -24.550 NA -23.700 NA -24.460; NA -24.660 NA
E09 -24.440'; 0.035 -23.906"! 0.170 -24.330 0.080" -23.930 0.045 -24.740:' 0.320 -24.41*6 0.060
E11 AW -24.4101 0.055 -23.970: 0.160 -23.960 0.120 -23.640 0.285 -23.310: 0.335 -23.980 0.095
E13 AW -24.430] 0.120 -24.520] 0.135 -24.080 0'.060' -23.000 0.490 -23.730 [0.130 -24.530 0.390
E15 -24.5901 0.005 -24.650 i 0.120 -24.590 0.065 [ -23.700 0.095 -24.450 I 0.080 -24.720 0.240
E17 -23.558] 0.271 -23.651 ] 0.329 -23.489 0.031 -22.884 "0.350 -23.853 [0.130 -25.204 0.109
E19 -23.990: 0.190 -23.670: 0.125 -24.290 0.000 -24.060 0.190 -24.300! 0.345 r -24.180 0.745
E20 -24.120; 0.015 -24.160; 0.230 -23.860 0.045 -23.460 0.270 -23.930; 0.065 -24.270 0.160
E21 -23.806: 0.182 -23.779 i 0.131 -23.685 o'.b'o6‘ -23.920 0.187 -24.102": 0.163 -25.107 0.120
E23 -24.310; 0.210 -24.510 ; 0.180 -24.380 0.145 -23.400 0.265 -24.590; 0.390 -24.240 0.365
E25Ave -24.365': 0.087 -24.265] 0.258 -24.380 0.176 -22.685 0.248 -24". i  60 ["0.273 -23.260"' 0.010
E27 ER -24.605: 0.117 -24.785; 0.185 -24.510 0.084 -24.944 0.833 -25.394 I 0.086 -25.653 0.281
E28 ER -24.910] 6.080 -25.220] 0.070 -25.280 0V055' -23.250 0.475 -24.650 [ "0.230 -24.586_, 0.070
E34 -24.490: 0.075 -24.630! 0.060 -25.410 0.175 -23.670 0.085 -24.030 I 0.400 -24.200 0.010
E35 -23.753J 0.178 -23.632J 0.152 -23.863 0.143 -24.519 0.276 -23.980 [ ‘0.607 -26.i37" 0.275
E36 -24.340: 0.040 -24.520 I 0.040 -24.410 0.150 -22.740 0.125 -24.010! 0.275 -24.190 0.215
P02 VP -24.650; 0.125 -24.990; 0.090 -24.730 0.015 -23.740 0.190 -24.440; 0.030 -24 630 0.480
P04 VP -24.370'; 0.180 -24.126: 0.125 -24.520 0.085" -23.940 0.480 -24 .190 :6.055 -23.970 0.235
P05 VP -25.570; 0.015 -25.530 0.130 -26.040 0.015 -26.310 0.740 -24.470 I 0.475 -25.060 0.530
P06 VP -24.830'; 0.265 -24.650; 0.060 -24.750 0".095' -23.870 *0.080 -23 790'0.695 -24.590 0.320
P10 VP -24.145: 0.056 -24.380 I 0.042 -23.950 0.007 -24.242 0.067 -24.273 I 0.020 -24.767 0.147
P l i ER -24.520] 0.150 -24.370] 0.190 -24.810' 0'.'035' -22.680 0.505 -25.390 ["0.240 -24.900] 0.235
P14 ER -24.820: 0.010 -24.430: 0.030 -24.420 0.100 -25.980 0.100 -24.810 I 0.265 -25.270 0.185
P17 ER -25.320; 0.090 -25.140 ; 0.500 -25.390 0.015 -24.770 0.190 -25.690; 0.105 -26.720 0.165
P18 ER -24.860: 0.135 -24.950: 0.170 -25.880 1.120 -23.510 0.030 -24.660! 0.005 -25.020 0.185
P19 ER -23.845; 0.109 -23.932; 0.010 -23.594 0.023 -24.066 0.013 -24.253 I 0.041 -24.706 0.075
P21Ave ER -24.425; 0.125 -24.6i6; 0.140 -24.265 0.155 -23.685 0.135 -24.710 f o . i ia -24.4 is"10.190
P22 ER -24.127; 0.340 -23.886 I 0.136 -23.986 0.076 -23.772 0.106 -23.832 I 0.341 -23.763 0.335
P24Ave ER -23.870] 6.115 -23.770] 0.117 -23.700 0.108 -26.810 0.120 NA [ NA -28.430] 0.395
P25Ave ER -24.470: 0.035 -24.770 I 0.100 -24.950 0.180 -26.220 NA NA ! NA NA NA
P27 ER -24.580J 0.010 -24.030J 0.420 -23.740 0.190 -23.710 0.285 -"23.500 ["0.145 -24.890 0.365
P29 -24.111: 0.258 -23.476: 0.126 -23.570 0.014 -24.041 0.055 -25.250 I 0.150 -24.629 0.017
P30 -24.317; 0.002 -24.418; 0.022 -24.346 0.044 -24.134 0.117 -22.904; 0.040 -25.183 0.095
>33 AW -24.450: 6.015 -24.090: 0.100 -24.450 0.140 -22.930 0.565 -24.290 '  "0.335 -24.150 0.260
P34 AW -23.9601 0.081 -23.514; 0.046 -23.758 0.137 -23.783 0.139 -24.324 I 0.453 -24.530 0.213
>35 AW -24.070] 0.055 -23.760] 0.050 -24.340 0.075 -23.610 "0.645 -23.8*20[b.6i5 -24.080] 0.030
P39 AW -24.230: 0.035 -24.300: 0.145 -23.800 0.130 -23.180 0.100 -23.750 I 0.230 -24.390 0.085
P40 AW -24.037] 6.090 -23.622] 0.136 -23.475 0V010" -24.105 0.195 -24.587 [0.112 -24.438] 0.103
P41 AW -24.000: 0.015 -23.730: 0.130 -23.630 0.095 -24.440 0.005 -24.430 I 0.040 -24.830 0.375
P44 AW -24.460; 0.050 -24.640; 0.195 -24.480 0.025 -24.150 "0.215 -24.520; 0.330 -24.530 0.110
P49 -24.403: 0.089 -24.554: 0.044 -23.967 0.122 -24.206 0.091 -24.425 I 0.035 -24.449 0.168
P50 PT -23.799; 0.270 -23.860; 0.179 -23.926 0.302 -23.949 0.122 -24.450 ; 0.212 -24.640 0.185
>51 -23.666; 0.116 -23.590! 0.123 -23.574 O.O35" -23.846 *0.145 -24.680 ! 0.443 -23.217 0.344
P52 -23.785: 0.131 -23.828; 0.008 -23.632 0.006 -23.612 0.144 -23.629I 0.131 1-24.091 0.131
>61 PT -24.170] 0.125 -23.970; 0.160 -24.000 0.030" -23.190 "0.280 -24.630 '  0.255 6.500
P62 PT -24.360: 0.030 -24.600: 0.110 -24.540 0.125 -23.140 0.090 -24.300: 0.145 -24.460: 0.535
P65 DCT -24.680J 0.170 -24.290J 0.145 -24.130 6.050 -23.000 0.405 -23.580 \ 0.980 -25.190 \ 0.645
P66 DCT -24.190: 0.135 -24.930: 0.330 -23.960 0.215 -23.100 NA -24.110 \ 0.760 -24.620 I 0.475
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
APPENDIX D-POREWATER PAH CONCENTRATIONS
- 2 1 3 -
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Values are reported in ng/ml. Reported values are corrected based on surrogate recovery and 
analysis of extraction procedures (see Chapters 3-5).
Averages and standard error (SE) are reported where two tubes of porewater were collected 
and analyzed from a single sediment sample.
BDL-chromatograms for these compounds were obtained and quantified, but the results are 
below detection limits.
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